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With increasing population growth, changed consumption patterns and the resulting need for resources, 
the management and use of cultural landscapes has intensified during the last century. Due to this 
intensification, cultural landscapes in Europe and other human-dominated regions around the world have 
transformed from multifunctional landscapes (i.e. providing a diverse set of ecosystem services) to more 
specialized and uniform landscapes (i.e. providing fewer ecosystem services). Since the widespread loss 
of ecosystem services can seriously affect human well-being, scientists and intergovernmental 
organizations have increasingly called for the restoration of multifunctionality at the landscape scale. 
This again resulted in a growing body of literature on the topic and an uncertainty about what 
multifunctionality actually is about and how to assess multifunctionality. In this dissertation, the focus 
is on ecosystem service-based multifunctionality (i.e. the quantification of multifunctionality through 
ecosystem services). Studies of this field generally examine how different ecosystem services interact, 
where their overall supply is highest and which factors influence the capacity of a landscape to provide 
multiple ecosystem services. The consideration of multiple ecosystem services at the landscapes scale 
specifically enables landscapes and the complex interactions within landscapes to be viewed and studied 
as socio-ecological systems. The assessment of ecosystem service-based multifunctionality is therefore 
regarded as an important tool for finding sustainable solutions in landscape management. The overall 
aim of this dissertation was to enhance and strengthen the concept of multifunctionality from a scientific 
point of view, and to provide novel conceptual and empirical insights on landscape multifunctionality 
that are relevant for environmental planning and management. 
In this dissertation, I have specifically focused on three topics that present challenges for the assessments 
of ecosystem service-based multifunctionality: 1) overcoming the conceptual and methodological 
uncertainties related to quantitative multifunctionality assessments, 2) accounting for spatial variability 
of ecosystem service supplies and 3) differentiating between stakeholders’ perspectives on 
multifunctionality. Each article of this cumulative dissertation focuses on one of the three challenges: 
The first article (Chapter 2) presents a quantitative literature review of 101 multifunctionality 
assessments. Conceptual and methodological differences between ecosystem function- and ecosystem 
service-based multifunctionality assessments were identified, as well as the most commonly used 
multifunctionality metrics: threshold approaches, average or sum approaches and diversity indices. The 
second article (Chapter 3) uses 18 ecosystem service indicators to quantify multifunctionality at the 
municipality scale (alpha-multifunctionality) and further introduces a new multifunctionality indicator 
(beta-multifunctionality) that accounts for the unique ecosystem service contributions of municipalities 
to regional multifunctionality. The results of this article show how multifunctionality at the municipality 
scale, as well as the unique contributions of municipalities to regional multifunctionality vary across 
Europe and across different land system archetypes. Finally, the third article (Chapter 4) of this 
dissertation uses eleven ecosystem service indicators to quantify multifunctionality in two peri-urban 
landscapes in Europe: the Vereinigte Mulde in Germany and the Kromme Rijn in the Netherlands. By 
weighting the ecosystem service indicators with stakeholder-derived valuations of the ecosystem 
services, a differentiation between multifunctionality beneficiaries was achieved.  
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The main contributions of this thesis therefore include an overview of the most recent multifunctionality 
assessments and the testing of two alternative approaches to assess ecosystem service multifunctionality. 
By compiling previously used methods and linking them with the most recent conceptual advancements 
in scope of the literature review, I showed that a clear distinction between studies with an exclusively 
ecological focus and studies with a more integrated socio-ecological perspective is needed to strengthen 
the application of the multifunctionality concept. As a follow up on this review, I was able to derive 
common steps in multifunctionality assessments, as well as recommendations for future studies. In scope 
of the second and third article, I was able to highlight some specific challenges in current 
multifunctionality assessments and to test methods that go beyond the common quantification of 
multifunctionality at single spatial scales or for society as a whole. First of all, my work shows that, due 
to spatial variability of ecosystem service supplies, the diversity of ecosystem services (alpha-
multifunctionality) cannot be maximized in all areas. Accounting for unique ecosystem service supplies 
(beta-multifunctionality) could thus be more relevant for finding viable land management solutions than 
assessing ecosystem service hotspots only. This approach is especially applicable, if maximizing (alpha-
) multifunctionality is not possible or wanted. Second, maintaining a high diversity of ecosystem 
services is only meaningful, if the ecosystem services are demanded by society and if no land use 
conflicts evolve through increased multifunctionality. In my last research paper, I therefore show that 
accounting for different perspectives of stakeholders on landscape multifunctionality is another crucial 
aspect for finding viable and sustainable land management solutions. All in all, I conclude that 
maintaining a high diversity of ecosystem services that relevant to various stakeholders and at spatial 
scales that allow an implementation of multifunctionality, is important for preventing environmental 
degradation and for ensuring that society as a whole can benefit from landscape multifunctionality. 
Quantitative multifunctionality assessments can be used in various ways to answer current research 
questions in landscape ecology and thus to support the maintenance of ecosystem services in cultural 
landscapes. However, further development, improvement and applications are needed for 









Mit zunehmendem Bevölkerungswachstum, veränderten Konsumverhalten und dem damit 
einhergehenden gesteigerten Bedarf an natürlichen Ressourcen, hat sich die Bewirtschaftung und 
Nutzung von Kulturlandschaften im letzten Jahrhundert intensiviert. Infolge dieser Intensivierung haben 
sich multifunktionale Landschaften (d.h. die eine Vielzahl an Ökosystemleistungen bereitstellen) in 
Europa und anderen vom Menschen geprägten Regionen weltweit zu spezialisierteren und 
einheitlicheren Landschaften (d.h. mit weniger Ökosystemleistungen) gewandelt. Da der breite Verlust 
von Ökosystemleistungen das menschliche Wohlergehen ernsthaft beeinträchtigen kann, fordern 
Wissenschaftler und politikberatende, zwischenstaatliche Organisationen zunehmend die 
Wiederherstellung der Multifunktionalität auf der Landschaftsebene. Infolge dessen wurde immer mehr 
zum Thema Multifunktionalität publiziert und die Unsicherheit darüber, was Multifunktionalität 
eigentlich ist und wie Multifunktionalität zu erfassen ist, stieg mit der zunehmenden Zahl an 
Publikationen. In dieser Dissertation liegt der Schwerpunkt auf der Erfassung 
ökosystemleistungsbasierter Multifunktionalität (d.h. der Quantifizierung von Multifunktionalität durch 
Ökosystemleistungen). Studien zu ökosystemleistungsbasierter Multifunktionalität untersuchen 
generell, wie verschiedene Ökosystemleistungen interagieren, wo ihr Gesamtangebot am höchsten ist 
und welche Faktoren die Fähigkeit einer Landschaft beeinflussen, mehrere Ökosystemleistungen 
gleichzeitig zur Verfügung zu stellen. Die Berücksichtigung von Ökosystemleistungen auf 
Landschaftsebene im Spezifischen, ermöglicht die Betrachtung von Landschaften und den komplexen 
Wechselwirkungen innerhalb einer Landschaft als sozio-ökologische Systeme. Die Erfassung 
ökosystemleistungsbasierter Multifunktionalität wird daher als wichtiges Instrument für die Suche nach 
nachhaltigen Lösungen im Landschaftsmanagement betrachtet. Das übergeordnete Ziel dieser 
Dissertation ist, das Konzept der Multifunktionalität aus wissenschaftlicher Sicht zu erweitern und zu 
stärken und neue konzeptionelle und empirische Erkenntnisse über die Multifunktionalität von 
Landschaften zu gewinnen, die für die Umweltplanung und das Umweltmanagement relevant sind. 
In dieser Dissertation habe ich mich mit drei spezifischen Fragestellungen beschäftigt, welche 
Herausforderungen für die Erfassung von ökosystemleistungsbasierter Multifunktionalität darstellen: 1) 
die Überwindung von konzeptionellen und methodischen Unsicherheiten im Zusammenhang mit 
quantitativen Multifunktionalitätsbewertungen, 2) die Berücksichtigung der räumlichen Variabilität des 
Angebots an Ökosystemleistungen, 3) die Unterscheidung zwischen den Sichtweisen verschiedener 
Interessengruppen auf Multifunktionalität. Jeder Artikel dieser kumulativen Dissertation konzentriert 
sich dabei auf eine der drei Fragestellungen. Der erste Artikel (Kapitel 2) präsentiert einen quantitativen 
Literaturüberblick über 101 Multifunktionalitätsbewertungen. Es wurden konzeptionelle und 
methodische Unterschiede zwischen ökosystemfunktions- und ökosystemleistungsbasierten 
Multifunktionalitätsbewertungen, sowie die am häufigsten verwendeten Multifunktionalitätsmetriken 
identifiziert: Schwellenwert-, Mittelwert- oder Summenansätze und Diversitätsindizes. Im zweiten 
Artikel (Kapitel 3) werden 18 Ökosystemleistungsindikatoren zur Quantifizierung von 
Multifunktionalität auf Gemeindeebene (alpha-Multifunktionalität) verwendet. Darüber hinaus wird ein 
neuer Multifunktionalitätsindikator eingeführt (beta-Multifunktionalität), der die individuellen Beiträge 
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von Gemeinden zur Multifunktionalität auf regionaler Ebene berücksichtigt. Es konnte gezeigt werden, 
dass sowohl die Multifunktionalität auf Gemeindeebene, als auch die individuellen Beiträge von 
Gemeinden zur regionalen Multifunktionalität innerhalb Europas und zwischen verschiedenen 
Landnutzungs-Archetypen variieren. Der dritte Artikel (Kapitel 4) dieser Dissertation verwendet elf 
Ökosystemleistungsindikatoren zur Quantifizierung von Multifunktionalität in zwei peri-urbanen 
Landschaften in Europa: die Vereinigte Mulde Region in Deutschland und die Kromme Rijn Region in 
den Niederlanden. Durch die Gewichtung der einzelnen Ökosystemleistungen durch verschiedene 
Stakeholdergruppen konnte zwischen den verschiedenen „Gewinnern“ der Multifunktionalität 
differenziert werden.  
Die zentralen Elemente dieser Arbeit umfassen daher zum einen eine Übersicht über die neuesten 
Multifunktionalitätsbewertungen und, zum anderen, die Erprobung von zwei alternativen Ansätzen zur 
Erfassung von ökosystemleistungsbasierter Multifunktionalität. Durch die Zusammenstellung der bisher 
verwendeten Methoden und deren Verknüpfung mit den neuesten konzeptionellen Weiterentwicklungen 
im Rahmen des Literaturreviews habe ich gezeigt, dass eine klare Unterscheidung zwischen Studien mit 
ausschließlich ökologischem Fokus und Studien mit einer stärker integrierten sozio-ökologischen 
Perspektive notwendig ist, um die Anwendung des Multifunktionalitätskonzepts zu stärken. Im 
Anschluss an die Studie, konnte ich allgemeingültige Schritte bei der Bewertung der Multifunktionalität 
sowie Empfehlungen für zukünftige Studien ableiten. Im Rahmen des zweiten und dritten Artikels 
konnte ich spezifische Herausforderungen bei aktuellen Multifunktionalitätsbewertungen hervorheben 
und Methoden testen, die über die übliche Quantifizierung von Multifunktionalität auf einzelnen 
räumlichen Skalen oder für die Gesellschaft als Ganzes hinausgehen. Zunächst einmal zeigt meine 
Arbeit, dass die Vielfalt der Ökosystemleistungen (alpha-Multifunktionalität) nicht in allen 
Landschaften maximiert werden kann. Die Berücksichtigung individueller Ökosystemleistungen (beta-
Multifunktionalität) könnte daher für die Suche nach praktikableren Landmanagementlösungen von 
höherer Bedeutung sein, als die Bewertung von Ökosystemleistungs-Hotspots. Dieser Ansatz ist 
besonders dann anwendbar, wenn eine Maximierung der (Alpha-)Multifunktionalität nicht möglich oder 
erwünscht ist. Zweitens ist die Aufrechterhaltung einer hohen Diversität von Ökosystemleistungen nur 
dann sinnvoll, wenn die Ökosystemleistungen von der Gesellschaft nachgefragt werden und wenn sich 
keine Landnutzungskonflikte durch erhöhte Multifunktionalität entwickeln. In meiner letzten 
Forschungsarbeit zeige ich daher auf, dass die Berücksichtigung unterschiedlicher Perspektiven von 
Interessengruppen auf die Multifunktionalität von Landschaften ein weiterer entscheidender Aspekt für 
die Suche nach tragfähigen und nachhaltigen Landmanagementlösungen ist.  
Alles in allem kann die Aufrechterhaltung einer hohen Vielfalt an Ökosystemleistungen, welche für 
verschiedene Interessengruppen relevant und auf den jeweiligen räumlichen Skalen umsetzbar ist, eine 
weitere Degradierung der Ökosysteme verhindern und sicherstellen, dass die Gesellschaft als Ganzes 
von Landschaftsmultifunktionalität profitiert. Quantitative Multifunktionalitätsbewertungen können auf 
verschiedene Weise genutzt werden, um aktuelle Forschungsfragen in der Landschaftsökologie zu 
beantworten und können daher zu dem Erhalt von Ökosystemleistungen beitragen. Es sind jedoch 
methodische Weiterentwicklungen und konkretere Anwendungen erforderlich, damit 
Multifunktionalitätserfassungen als wichtige Instrumente für Management und Entscheidungsfindung 









1. General introduction 
 
  
1. General introduction 
List a 
1.1. From multifunctional to uniform landscapes – and back again? 
Humans benefit from the numerous services that nature provides – whether that is the provision of food, 
the regulation of ecosystem processes (e.g. water purification, climate regulation, nutrient flows) or the 
aesthetic value of nature (Costanza et al., 1997; Daily, 1997; de Groot, 1992; MA, 2005). By using these 
services, humans have always altered nature according to their needs, thereby shaping landscapes with 
characteristic ecosystem service supplies (Fig. 1.1). In Europe, for example, there is a long history of 
how people have contributed to the development of “cultural landscapes”. These landscapes were 
traditionally used in a multifunctional way: People cultivated different types of crops, kept grazing 
animals and used local water and timber sources in rather small-scaled ways that served self-sufficiency 
(Plieninger et al., 2006; Vos and Meekes, 1999). Multiple “ecosystem services” (i.e. the benefits people 
obtain from nature; MA, 2005) were thus demanded, used and maintained within cultural landscapes 
(Schulp et al., 2019; Tieskens et al., 2017; van Berkel and Verburg, 2011). Moreover, cultural identity 
was created in these landscapes through a strong connection between people and their environment, and 
management practices were highly adopted to local environmental conditions, thus maintaining 
ecosystem functioning and local biodiversity (Plieninger et al., 2006).  
 
Figure 1.1. Interactions between humans, abiotic factors of the landscape, biodiversity, ecosystem functions 





factors of the landscape (1). Biodiversity and abiotic factors interact at the landscape scale (2) and jointly contribute 
to the provision of ecosystem functions (i.e. processes that maintain the internal functioning of the ecosystem, such 
as energy cycles or nutrient fluxes; de Groot, 1992) (3). Ecosystem functions eventually provide ecosystem 
services, when perceived and valued by the people (4) (Haines-Young and Potschin, 2010). Ecosystem services 
contribute to various aspects of human well-being (i.e. health, safety, material needs) (5). Finally, the production 
and consumption of ecosystem services is shaped by the location-specific demand for ecosystem services by people 
(6). (Icons designed by Freepik) 
With increasing population growth, changing consumption patterns and the growing demand for food, 
land, energy and other resources, however, the management and use of cultural landscapes intensified 
within the last century (Foley et al., 2005). Specific ecosystem services were demanded at higher rates, 
jeopardizing the supply of other important ecosystem services (Fischer et al., 2017; Foley et al., 2005; 
MA, 2005). In particular, agricultural production per unit area was significantly increased by higher 
inputs of fertilizer, pesticides and animal feed with substantial consequences for ecosystems and the 
services they provide (Matson et al., 1997). Less favorable sites for agricultural production, on the other 
hand, have largely been abandoned or converted into urban areas (Schulp et al., 2019; Shaw et al., 2020). 
On top of that and exacerbated by climate change, the loss of biodiversity has led to a decoupling of 
ecosystem functions and, finally, to a degradation of ecosystems and their capacity to supply ecosystem 
services (Fischer et al., 2017; Foley et al., 2005; MA, 2005, Fig. 1.1). Landscapes in Europe and other 
human-dominated regions around the world transformed gradually from multifunctional landscapes (i.e. 
providing a diverse set of ecosystem services) to rather specialized and uniform landscapes (i.e. 
providing fewer ecosystem services) (Vos and Meekes, 1999). 
Today, man-made land use altered ecosystems to such an extent that biodiversity, the provision of 
ecosystem services and human well-being are severely affected (IPBES, 2019). Already 75% of the 
terrestrial environment have been significantly changed by human actions and more than one third of 
the earth’s land surface is now devoted to crop or livestock production (IPBES, 2019). Species diversity 
is declining rapidly and 27% of species assessed by the IUCN are currently threatened with extinction 
(IPBES, 2019). The publication of the Millennium Ecosystem Assessment in 2005 showed that 
ecosystems and the services they provide are being used unsustainably with enormous implications on 
our economy and human well-being (MA, 2005). This assessment was again confirmed by the report of 
The Economics of Ecosystems and Biodiversity (TEEB) in 2010 and the global assessments of the 
Intergovernmental Platform on Biodiversity and Ecosystem Services (IPBES) in 2019 (IPBES, 2019; 
TEEB, 2010). In essence, we are confronted with an environmental crises that calls for a transformation 
towards more sustainable land management (Antrop, 2006; Foley et al., 2005; Kremen and Merenlender, 
2018). Notions towards “multifunctional landscapes” and similar concepts (mosaic landscapes, land 
sharing, working landscapes) have now been picked up again to discuss alternative management 
strategies (Fischer et al., 2017; Kremen and Merenlender, 2018; O’Farrell and Anderson, 2010). 
Promoting multiple ecosystem services instead of a few marketable ones is regarded as a promising way 
to conserve natural resources for future generations (Bennett et al., 2015; O’Farrell and Anderson, 2010). 
The concept of multifunctionality is therefore considered as a basis for sustainable development of 
landscapes and enjoys broad academic and political support (Sumelius and Bäckman, 2008; Wiggering 
et al., 2003). 
 
1.2. Different conceptualizations of multifunctionality 
Due to the growing interest in landscape multifunctionality, there has been an increasing body of 
scientific literature in the last 20 years. This again led to a number of different conceptualizations of 





assessed. Initially, the concept of multifunctionality was strongly associated with agricultural land use 
systems (Huang et al., 2015; Wiggering et al., 2003). Studies mainly served to show which public goods 
are produced on agricultural land in addition to food and fodder (Huang et al., 2015). During the last 20 
years however, studies on multifunctionality have evolved tremendously in many fields of 
environmental sciences and multifunctionality was assessed within a broad spectrum of spatial scales 
and land use systems that go beyond the agricultural setting. Research contexts, for example, range from 
the field of microbiology (e.g. studying the relationship between microbial diversity and “multiple 
functions”, such as nutrient cycling or organic matter decomposition; Delgado-Baquerizo et al., 2016) 
to the field of landscape planning, where “landscape structures or functions” are analyzed to better 
design multifunctional landscapes (Lovell and Johnston, 2009). Even within landscape ecology, various 
terms are used to define multifunctionality, such as “environmental functions”, “environmental 
services”, “landscape functions”, “ecosystem functions” or “ecosystem services” (e.g. de Groot, 2006; 
Gimona and van der Horst, 2007; Willemen et al., 2008). Moreover, various approaches are used to 
quantify, value or map these variables, to analyze the synergies and trade-offs between them (Huang et 
al., 2015; Lee and Lautenbach, 2016) and to aggregate them into one multifunctionality indicator 
(Byrnes et al., 2014; Mastrangelo et al., 2014). 
The different definitions and quantifications of multifunctionality within scientific research have led to 
an increased conceptual confusion around the topic, which might have affected the value of 
multifunctionality assessments for decision-making (Manning et al., 2018; Mastrangelo et al., 2014). In 
particular, the increasing number of studies on multifunctionality in combination with the multitude of 
variables used to define multifunctionality, the different spatial scales of the assessments and the 
different research contexts made it increasingly difficult to understand what multifunctionality is, how 
it can be assessed, at which spatial scale it is defined, and consequently how and why to implement 
multifunctionality. It appeared that multifunctionality might have become a “buzzword” or “nebulous 
concept” only (Manning et al., 2018). 
Recent works have made some substantial progress to disentangle the conceptual and methodological 
confusion around multifunctionality assessments. Huang et al. (2015), for example, compared 
multifunctionality studies focusing on agricultural functions with studies focusing on ecosystem 
services. Mastrangelo et al. (2015) reviewed conceptual and methodological approaches in ecosystem 
service-based assessments of multifunctionality. Byrnes et al. (2014) compared the methods that were 
used to aggregate ecosystem functions to multifunctionality indicators in biodiversity and ecosystem 
functioning (BEF) research. Moreover, a perspective paper by Manning et al. (2018), clearly redefined 
ecosystem multifunctionality into two strands of research, which was groundbreaking for further 
research on this topic. The first strand of research focuses on particular ecosystems (i.e. a biological 
community of interacting organisms and their physical environment; Evans, 1956) and quantifies 
multifunctionality based on ecosystem functions that are supplied within a particular ecosystem. 
Analyzing the drivers of ecosystem functioning, such as biological, geochemical and physical processes, 
is the primary focus within this strand of research. Moreover, a large number of biodiversity-ecosystem-
functioning studies that analyse the relationship between biodiversity and the number of ecosystem 
functions fall into this category of multifunctionality studies (Byrnes et al., 2014; Hector and Bagchi, 
2007; Soliveres et al., 2016).  
The second strand of research examines multifunctionality from a more anthropocentric perspective. It 
defines multifunctionality as the supply of ecosystem services that are relevant for people in a certain 
landscape. Maintaining ecosystem services in human-dominated landscapes by means of sustainable 
land use is at the core of this strand of research. The main objectives for assessing ecosystem service-
based multifunctionality are thus to understand the patterns and interactions of ecosystem service supply 





environmental planning, management and political decisions (Cord et al., 2017a). This dissertation 
focuses on multifunctionality from the latter, ecosystem services perspective. From here on, the term 
“multifunctionality” always refers to “ecosystem service-based multifunctionality”. I also use the term 
“landscape multifunctionality” when specifically referring to ecosystem service-based 
multifunctionality on landscape scale. A short introduction to the development of ecosystem service 
research and the reasons why this dissertation considers multifunctionality from an ecosystem service 
perspective can be found in the next section. 
 
1.3. The ecosystem service perspective 
Studies on ecosystem services evolved in the 1990s with discussions on the utilitarian value of nature 
(Gómez-Baggethun et al., 2010; MA, 2005; Naturkapital Deutschland - TEEB DE, 2018). An increasing 
interest regarding the integration of ecosystem service values in market analyses and their use in 
decision-making has led to the exponential growth of ecosystem service assessments and their inclusion 
in the policy agenda (Fisher et al., 2009; Gómez-Baggethun et al., 2010). The general idea behind the 
ecosystem service concept is that it translates ecological complexity into a limited number of ecosystem 
services of interest for human well-being (Haines-Young and Potschin, 2010). To give an example, 
pollination potential is one ecosystem service, the global decline of which is often discussed in the media 
and in society. The monetary benefits that pollination adds to the global production of food have been 
estimated at 153€ billion (Gallai et al., 2009). Ecosystem service assessments are thus used as a tool to 
communicate the value that ecosystems have to people (here in monetary terms) and to illustrate trade-
offs between land use-decisions. While the concept was also contested for different reasons (i.e. “selling 
out on nature”, “taking the focus from biodiversity conservation”) it has proven meaningful for 
demonstrating the dependency of humans on their environment (Hauck et al., 2013; Schröter et al., 
2014).  
Much initial work has dealt with defining and classifying ecosystem services (Fisher et al., 2009). They 
are now commonly defined as “the benefits people obtain from nature” (MA, 2005) and classified into 
three categories by the Common International Classification of Ecosystem Services (CICES V5.1: 
Haines-Young and Potschin, 2018): provisioning, regulating and cultural ecosystem services. Moreover, 
the Millennium Ecosystem Assessment (MA) classification uses a fourth category for those ecosystem 
services that provide the basis for provisioning, regulating and cultural ecosystem services (e.g. soil 
formation, primary production, nutrient cycling) (MA, 2005). In this dissertation, all four ecosystem 
service categories are used: 
 Provisioning services: benefits received through the provision of material goods 
 Regulating services: benefits received through self-regulating processes in the environment 
 Cultural Services: benefits received through cultural experiences of nature 
 Supporting services: services that provide the basis for other ecosystem services  
The ecosystem service concept already contributed substantially to extending the traditional 
conservation agenda of preserving biodiversity and ecosystem functions to the maintenance of 
ecosystem services that are important for both people and nature (Bennett et al., 2015; Costanza et al., 
1997). Now the question arises as to why adopting an ecosystem service perspective to landscape 
multifunctionality is needed.  
Landscapes are generally defined as medium-scale excerpts of the globe’s surface that people perceive 
as part of their cultural environment (Kienast et al., 2007). Multiple actors come together at this scale 





forestry and nature conservation is often targeted there. The different actors in a landscape have different 
interests, values and different degrees of influence on decisions that are taken within the region. As a 
result of this, landscapes are often managed for the supply of a few, mostly marketable goods and 
services that generate direct economic returns for a small group of influential stakeholders (de Groot, 
2006, Turkelboom et al., 2018). Less influential stakeholder groups and non-marketable ecosystem 
services, on the other hand, are often overlooked in management decisions. The value and basis of using 
the ecosystem service perspective is, that it forces all actors to take a more integrated view or system 
approach to the landscape and its natural resources, thus considering different types of beneficiaries and 
different categories of ecosystem services in management decisions (Turkelboom et al., 2018). Ideally, 
multifunctional landscapes are landscapes that supply multiple ecosystem services that cover the four 
ecosystem service categories and which are perceived as important by a wide range of stakeholders 
(Queiroz et al., 2015). Adopting an ecosystem service perspective in landscape management could 
therefore eventually lead to a better conservation of natural resources, generate welfare for more people 
and thus promote equity for current and future generations (Allen et al., 2018; O’Farrell and Anderson, 
2010). 
While a transformation towards sustainability requires actions at various spatial scales and multiple 
levels of governance, the landscape scale is commonly mentioned as a key leverage point to promote 
multifunctionality (Fischer et al., 2017; Manning et al., 2018; Rodríguez-Loinaz et al., 2015). Relational 
values, such as place attachment, cultural identity and moral responsibility can therefore be effectively 
promoted at this scale (Allen et al., 2018), which strengthens the connection between humans and the 
environment and increases the likelihood of people taking stewardship to protect nature. Today, the 
concept of multifunctionality is advocated by several international organizations and policies (Sumelius 
and Bäckman, 2008; Wiggering et al., 2003). Science-policy platforms, ranging from local to global 
level, state that assessing the capacity of landscapes to supply multiple ecosystem services is key to 
sustainable management and planning (IPBES, 2019; MA, 2005). The aforementioned confusion on the 
concept that evolved due to the varying interpretations and definitions was addressed and much 
conceptual and methodological work has been done to enable assessments of multifunctionality 
(Mastrangelo et al., 2014). Nevertheless, challenges remain to assess ecosystem service-based 
multifunctionality that potentially jeopardize its implementation. These challenges are described in the 
following chapter. 
 
1.4. Remaining challenges to assess multifunctionality 
Some of the challenges to assess multifunctionality apply to the assessment of individual ecosystem 
services. Proxies that are used to represent ecosystem services (e.g. flower abundance for landscape 
aesthetics) and can be more or less accurate depending on the data availability and methodological 
restrictions (Oudenhoven et al., 2018). For example, if direct measurements (e.g. field observations and 
surveys) are not possible due to restrictions in time, budget or other logistics, indirect measurements 
(e.g. remotely sensed proxies), models, look-up tables or expert judgements are used to assess ecosystem 
services (Seppelt et al., 2011). While the growing availability of ecological, social and remotely sensed 
data is promising to allow advances in ecosystem service assessments (Cord et al., 2017b), limited 
temporal and spatial resolution of the data still constrains assessments at the landscape scale. Hence, 
different assumptions need to be made (i.e. transferability of values across space, validity of expert 
judgements or socio-economic valuations) and some level of uncertainty remains that impact the use of 
the assessments for decision making (Schröter et al., 2020). Moreover, transdisciplinary understanding 
and multi-disciplinary approaches are needed to assess and model different types of ecosystem services 





assessments that aim to assess the full range of ecosystem services which are considered important by a 
variety of stakeholders – usually covering provisioning, regulating, cultural and supporting services 
(Queiroz et al., 2015).  
Another important challenge remains in aggregating ecosystem services to one multifunctionality 
indicator. Several disparate metrics have been developed, each having its advantages and limitations. 
Byrnes et al. (2014) reviewed their advantages and limitations for ecosystem function-based 
multifunctionality assessments. Similar methods can be found in ecosystem service-based 
multifunctionality studies (e.g. Finney and Kaye, 2017; Mouchet et al., 2017; Soliveres et al., 2016), 
however, there is still no consensus about when to use which metric. The simplest approach is counting 
the number services that exist within the unit of interest (e.g. a specific ecosystem or landscape) 
(Willemen et al., 2010). All other approaches include the level of service supply, thus accounting for 
abundance instead of richness only. For example, some studies take the sum or average of all ecosystem 
services to estimate levels of multifunctionality in an area (Maestre et al., 2012b). Other studies argue 
that ecosystem functions or services should only account to multifunctionality if they exceed a certain 
threshold value (Byrnes et al., 2014). These studies therefore count the number of functions or services 
that are supplied above a specific threshold. Other researchers have used weights for different ecosystem 
services before aggregating them to one multifunctionality metric (Plas et al., 2018), or quantified the 
diversity of ecosystem services by using Shannon or Simpsons diversity indices (Stürck and Verburg, 
2017).  
After aggregating multiple ecosystem services into one multifunctionality indicator, the next challenge 
is to use this information to derive recommendations for sustainable landscape management. Most 
multifunctionality assessments are done in a spatially explicit way in order to identify drivers of 
multifunctionality and to use those for evaluating current management systems (e.g. Früh-Müller et al., 
2018; Queiroz et al., 2015; Rodríguez-Loinaz et al., 2015). While some important biophysical and 
anthropogenic drivers have already been identified within specific landscapes, large-scale analyses are 
needed to identify more globally valid drivers and management recommendations (Dittrich et al., 2017; 
Mouchet et al., 2017; Stürck and Verburg, 2017). Moreover, it became clear that maximizing ecosystem 
service supplies in all landscapes and at all scales is not realizable (Holt et al., 2016). In some areas it is 
simply not possible to increase certain services (e.g. food production in urban areas) (Haberman and 
Bennett, 2019). In other areas, it is not considered meaningful to increase the supply of certain services 
if they are not in demand by society (e.g. in sparsely populated areas) or if they are provided and 
accessible within a larger area (Schröter et al., 2018; Villamagna et al., 2013). Up until now, assessments 
of multifunctionality do not account for the spatial variability of ecosystem service supplies and 
demands. For example, approaches that identify landscapes which are not multifunctional per se, but 
contribute important ecosystem services to regional multifunctionality (i.e. cross-scale interactions) are 
still missing. 
Finally, one major challenge regarding the use of multifunctionality assessments in decision making is 
to relate multifunctionality to the different stakeholder groups that exist within a landscape. Since 
ecosystem services are defined as the “benefits that people obtain from nature” (MA, 2005), studies 
often aim to link multifunctionality hotspots with increased levels of benefits for society as a whole (e.g. 
Kremen and Merenlender, 2018; Rodríguez-Loinaz et al., 2015). However, ecosystem services are used 
differently by various stakeholder groups. Benefits are not equally distributed among the groups, but 
different groups benefit differently from ecosystem service supplies (Hauck et al., 2013; Turkelboom et 
al., 2018). Acknowledging this in the management of multifunctional landscapes is crucially important, 
as conflicts between stakeholders may arise when some stakeholders “win” and others “lose” from 
increasing certain ecosystem services (Turkelboom et al., 2018). While by now, there is a wide range of 





and benefits of the services for people remains understudied (Ayanu et al., 2012; Villamagna et al., 
2013; Wolff et al., 2015). One reason is that stakeholder involvement in ecosystem service assessments 
is time-consuming and therefore often neglected by researchers of the ecosystem service community 
who primarily come from the natural sciences (Schröter et al., 2020). In order to use multifunctionality 
assessments for decision-making, new methods are needed that differentiate between stakeholders’ 
perspectives on landscape multifunctionality.  
 
1.5. Objectives, research questions and outline of this thesis 
Given the state of the art described above, more research is needed on how to assess multifunctionality 
and how to use the assessments to provide recommendations for sustainable landscape management. 
First of all, a clear definition of multifunctionality and guidelines to its assessment are required. 
Moreover, approaches are needed to account for spatial variability of ecosystem service supplies and to 
differentiate between beneficiaries of multifunctionality. The overall aim of this dissertation is to 
enhance and strengthen the concept of multifunctionality from a scientific point of view, and to provide 
novel conceptual and empirical insights on landscape multifunctionality that are relevant for 
environmental planning and management. I have synthesized different methods and approaches of how 
multifunctionality is quantified in the literature, and applied these measures to spatial data in relevant 
case study regions. Three studies were conducted (Fig. 1.2), which specific research questions that relate 
to the remaining challenges to assess multifunctionality as described above. 
Chapter 2 on different conceptualizations and methods to assess multifunctionality: In the first 
article, I aimed to review quantitative multifunctionality studies to analyze how multifunctionality is 
defined in the literature and which methods are used to assess it. While there are a number of previous 
reviews on the topic of ecosystem or landscape multifunctionality, our study represents the first 
comprehensive literature review on multifunctionality that takes into account both ecosystem function- 
and ecosystem service-based assessments and combines conceptualizations of multifunctionality with 
methodological approaches. Specific research questions were:  
1. What is the state of the art and the way forward to assess multifunctionality?  
2. Which are the major criteria that make multifunctionality assessments strong tools with high 
relevance for management and decision-making? 
 
Chapter 3 on spatial variability of multifunctionality: Knowing that the capacity to supply multiple 
ecosystem services varies across landscapes, I assessed the ecosystem service diversity of municipalities 
in Europe and linked it to one important driver of multifunctionality (i.e. land system archetypes that 
display characteristic patterns of land use extent and intensity). Moreover, I tested a new approach to 
assess how municipalities contribute unique ecosystem services to a higher regional scale. Specific 
research questions were: 
1. How are spatial patterns of alpha- and beta-multifunctionality across Europe linked to 
predefined land system archetypes? 
2. How can multifunctionality be assessed across spatial scales to account for the unique 
ecosystem service contributions of municipalities within their regional context? 
 
Chapter 4 on different perspective on landscape multifunctionality: Although it is often implied 





of stakeholders, different stakeholders might benefit differently from ecosystem service supplies. The 
third article therefore examines different perspectives of local stakeholders on multifunctionality in two 
case study areas. Specific research questions were: 
1. How do different groups of stakeholders value the individual importance of multiple ecosystem 
services in two multifunctional landscapes? 
2. How do quantitative indicators of multifunctionality differ (regarding absolute values and spatial 
patterns) between different stakeholder perspectives? 
In the following three chapters, the final articles are provided. The findings of the three articles are 
summarized and discussed in the last chapter with regard to the overarching aim of this dissertation. 
Ultimately, prospects for future research and the importance of the results for the implementation of 
multifunctionality at the landscape scale are set out.  
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Box 2.1. Definitions of the key concepts used in this article 
Ecosystem functions: Properties and processes of an ecosystem, such as ecosystem matter and energy 
cycles, that have a specific function within the ecosystem and are essential for the capacity to provide 
goods and services (Costanza et al., 1997; de Groot, 1992). 
Ecosystem services: Benefits people obtain from ecosystems. These include the following four 
service categories (MA, 2005): 
▪ Provisioning Services: Products obtained from ecosystems 
▪ Regulating Services: Benefits obtained from regulation of ecosystem processes 
▪ Cultural Services: Nonmaterial benefits obtained from ecosystems 
▪ Supporting Services: Services necessary for the production of all other ecosystem services 
 
Environmental indicator: A measure of environmentally relevant phenomena used to depict 
environmental conditions (Heink and Kowarik, 2010). 
Landscape multifunctionality: The capacity of a landscape to provide socio-economic and 
ecological benefits to society, including potential trade-offs and synergies between individual 




2.1.1. Multifunctionality as a policy aim 
The intensification of agricultural production systems and the consumption of land for urban expansion 
have led to major changes in human-dominated landscapes and triggered a discussion on multifunctional 
land use (Brandt and Vejre (Eds), 2004; Haines-Young and Potschin, 2010; Holmes, 2006; Wiggering 
et al., 2003). In contrast to land-use systems that are maximized towards the supply of one or few 
ecosystem functions and services, multifunctional landscapes are characterized by a high diversity and 
abundance of different functions and services within the same spatial unit (Stürck and Verburg, 2017; 
Box 2.1). By avoiding a spatial segregation of ecosystem functions, multifunctional landscapes are 
expected to positively impact the conservation of biodiversity (Pasari et al., 2013) and the overall 
maintenance of ecosystem functions, such as soil fertility, pollination capacities or biomass production 
(Brandt and Vejre (Eds), 2004; Hector and Bagchi, 2007; Raudsepp-Hearne et al., 2010), thereby 
increasing ecological resilience (O’Farrell and Anderson, 2010). 
Moreover, by accounting for a broad range of ecosystem services, multifunctional land use systems are 
capable of addressing multiple human needs (e.g. social, cultural, economic and ecological) (Brandt et 
al., 2014; Lovell and Johnston, 2009; Mander et al., 2007) and are thought to increase the overall benefits 
that societies can obtain from an ecosystem (Otte et al., 2007). Land use conflicts that arise from 
competing interests in a landscape are expected to be – at least partly – resolved in multifunctional land 
use systems (Brandt and Vejre (Eds), 2004). Imbued with these ideas, multifunctionality (MF) has 
become a key concept within international legislation, such as the Common Agricultural Policy (CAP) 
of the European Union, and intergovernmental organizations, such as the Food and Agriculture 
Organization (FAO) and the Organization for Economic Cooperation and Development (OECD) (FAO, 
2000; OECD, 2001; Otte et al., 2007; Wiggering et al., 2003). Policy support is being provided through 




agri-environmental measures and the production of non-commodity functions is regarded as a 
development option to sustain rural areas (Holmes, 2006; Wiggering et al., 2003). 
2.1.2. Different understandings, conceptualizations and operationalizations of 
multifunctionality 
While environmental planning towards increasing MF has become a policy aim, a lack of 
implementation has been pointed out (Hansen and Pauleit, 2014; O’Farrell and Anderson, 2010; Otte et 
al., 2007). This seems to be at least partly the result of different understandings and conceptualizations 
of MF (Brandt and Vejre (Eds), 2004; Mastrangelo et al., 2014; Stürck and Verburg, 2017). MF of 
landscapes is not a novel concept. It has originally been used as a land management concept with a 
strong focus on agricultural land use systems (Brandt and Vejre (Eds), 2004; Huang et al., 2015; Vos 
and Meekes, 1999). In Germany, for example, the work of Wolfgang Haber on differentiated soil and 
land use (‘differenzierte Boden- und Landnutzung’) in the early 1970s paved the way for the current 
understanding of interrelations between biodiversity, soil functions, conservation of rural landscapes 
and agricultural productivity (Haber, 2014). More recently, the works of Brandt and Vejre (2004), 
Holmes (2006) and Wiggering (2003) strongly promoted research on MF as a land management concept 
in the international arena. The aim of the original concept was to develop sustainable land use strategies 
that deliver multiple land-use objectives. The idea that people, who are well connected to the land and 
its resources, obtain more benefits from multifunctional land management has always been stressed in 
MF research (Huang et al., 2015). Consequently, when ecosystem services research emerged during the 
early 2000s, it was often implicitly linked with the MF concept (Huang et al., 2015).  
However, ‘multifunctionality’ is a very generic term that can be and has been used in many different 
contexts. In its literal meaning, MF simply describes the provision of multiple functions without 
referring to any specific spatial scale or land use type, nor to any human perspective (Byrnes et al., 2014; 
Huang et al., 2015). As a result, the concept has been applied to a wide array of research questions. In 
urban areas, for example, the MF of green roofs and green infrastructures has been assessed to portray 
the benefits obtained from such infrastructures by people (e.g. Lovell and Taylor, 2013; Meerow and 
Newell, 2017). Soil MF, defined as the capacity of a soil type to provide different ecosystem functions, 
has been assessed on small-scale to microscale plots (e.g. Delgado-Baquerizo et al., 2016; Liu et al., 
2017; Wagg et al., 2014). And finally, MF has been assessed for a variety of different ecosystems, such 
as coastal areas (Allgeier et al., 2016), forests (van der Plas et al., 2016a) and water bodies (Peter et al., 
2011). 
In the last decade, an increasing number of studies on Biodiversity-Ecosystem-Functioning used MF 
assessments to elucidate the relationship between biodiversity and multiple ecosystem functions on 
various scales in different ecosystems (e.g. Byrnes et al., 2014; Hector and Bagchi, 2007; Lefcheck et 
al., 2015; Soliveres et al., 2016). In this sense, MF being equated with the supply of multiple ecosystem 
functions does not imply valuation from a human perspective and can therefore be assessed from a purely 
ecological perspective (O’Farrell and Anderson, 2010). Contrary to this, and largely in line with the 
ecosystem service concept (see Box 2.1), it is often assumed that MF studies present integrated socio-
ecological analyses including some kind of normative dimension (Brandt and Vejre (Eds), 2004).  
To disentangle this conceptual ambiguity, different approaches have been made to more clearly 
distinguish between MF concepts. Focusing on ‘landscape multifunctionality’, Brandt and Vejre (2004) 
suggested five different perspectives: 1) a purely ecological approach (biophysical assessments), 2) an 
anthropocentric approach (linking biophysical and social assessments), 3) a policy approach (focused 
on land use conflicts), 4) a cultural perspective (focused on aesthetics and cultural values), and 5) a 
holistic approach (including all perspectives from above). Another study, recently published by Manning 




et al. (2018) suggested a fundamental differentiation between ecosystem function multifunctionality 
(EF-MF) and ecosystem service multifunctionality (ES-MF). The separation between EF-MF and ES-
MF here depends on what is being assessed (ecosystem functions or services), how it is being assessed 
(biophysical or integrated socio-ecological) and how the assessment is being used (e.g. Biodiversity-
Ecosystem-Functioning research or integrated land management) (Manning et al., 2018). 
2.1.3.  Quantitative multifunctionality assessments 
Today, a general consensus exists that the concept of MF should be “more than a policy-based initiative” 
(Lovell and Johnston, 2009). Different researchers have therefore developed methods to quantify MF. 
Such quantitative assessments should help to better understand processes within multifunctional 
landscapes. They should support decision-making processes (Holmes, 2006; Lovell and Johnston, 2009) 
and eventually lead to improved ways of managing our environment in a sustainable way (Andersen et 
al., 2013; Wiggering et al., 2003). While there is no unified approach for assessing and quantifying MF 
(Andersen et al., 2013; Hansen and Pauleit, 2014; Lovell and Johnston, 2009), most commonly, a set of 
ecosystem functions and services is aggregated into a single metric that estimates the level of MF 
(hereafter called ‘MF indicator’) (Byrnes et al., 2014; Gamfeldt et al., 2008; Maestre et al., 2012b; 
Rodríguez-Loinaz et al., 2015; see Stürck and Verburg (2017) for a recent comparison of MF indicators).  
A large variety of MF indicators exists that give different weight to the importance of individual 
functions and services: Some MF indicators sum up or average all functions and services in the 
considered landscape (Byrnes et al., 2014; Mouillot et al., 2011). Other MF indicators only account for 
functions and services that are above a certain threshold, based on the assumption that only high supply 
levels contribute a value to the multifunctional environment (Byrnes et al., 2014; Gamfeldt et al., 2008). 
And finally, in contrast to the two previous examples which focus on the number of ecosystem functions 
and services, other researchers applied diversity indicators (e.g. Shannon index), which account for the 
relative proportions of ecosystem functions and services (Stürck and Verburg, 2017). 
Environmental indicators, such as MF indicators, generally play an important role for the evaluation and 
communication of environmental conditions and changes as well as for setting environmental goals 
(Heink and Kowarik, 2010). Nevertheless, assessing MF via indicators in a quantitative way can be 
challenging, especially when focusing on ES-MF. Such indicators need to capture very complex socio-
ecological systems, while being at the same time easily interpretable and technically feasible (Heink and 
Kowarik, 2010; Quero et al., 2013). The aggregation of ecosystem functions and services into single 
indicators has therefore led to some contradictions within MF research and researchers have called for 
more integrative assessment methods (Byrnes et al., 2014; Mastrangelo et al., 2014). 
2.1.4.  Scope of this review 
Despite the increasing number of case studies on MF (Fig. 2.1), there is a considerable knowledge gap 
about how MF has been conceptualized and typically assessed so far – from plot to global scale. Previous 
overview articles have focused on MF assessments in the context of Biodiversity-Ecosystem-
Functioning only (Byrnes et al., 2014) or on studies that evaluate the joint supply of ecosystem services 
at specific spatial scales (Mastrangelo et al., 2014). We here focus on all quantitative assessments of 
landscape or ecosystem MF. By this, we aim to answer (1) how different conceptualizations of MF are 
operationalized in the literature and finally, (2) which are the major criteria that make MF assessments 
strong tools with high relevance for management and decision-making. 
We used a systematic search strategy to identify the relevant studies and evaluated all identified 
publications regarding their research context, type of study as well as the selection and number of 
ecosystem functions and services considered. More specifically, focusing on quantitative MF 




assessments only, we analyzed the choice of MF indicator or other assessment methods, the spatial scale 
of the study region, the way of considering (or not) interactions among ecosystem functions or services 
(trade-offs, synergies, compatibilities), as well as the approaches used to involve stakeholders. We 
critically discuss the use of quantitative MF indicators in general and present the strengths and 
limitations of current approaches. To provide guidance for research on this topic, we highlight the 
implications of the conceptual and methodological ambiguity within MF assessments and conclude with 
recommendations for future studies. 
 
2.2. Methods 
2.2.1.  Literature search 
This review is based on a Scopus database search using the search string “(multifunctionality OR multi-
functionality) AND (ecosystem* OR landscape*)”. The search targeted article title, abstract and 
keywords of studies published until the 27th of April 2017, and resulted in 587 publications. We used 
the terms ‘multifunctionality’ and ‘multi-functionality’ without asterisk search modifiers (*), thereby 
excluding articles that used general terms, such as ‘multifunctional’. In doing so, we expected to find a 
higher share of studies actually conducting MF assessments or discussing the definition of the concept. 
From the 587 articles found, 80 were excluded from this review due to the use of languages other than 
English (59) or formats other than research articles (21, e.g. Corrigenda, Editorials). The review process 
was carried out in three steps. 
2.2.2.  Step 1: All publications (507 studies) 
At first, all 507 remaining articles were reviewed using a list of predefined assessment criteria (Appendix 
A: Table A1) in order to analyze the general understanding and application of MF research in the 
literature. We assessed the year of publication and the location where the study had been carried out. 
Each article was categorized after reviewing the title, abstract and keywords into six groups of research 
disciplines: ‘Agricultural management’, ‘Landscape planning’, ‘Ecology and soil science’, ‘Urban and 
rural development’, ‘Forestry’ and ‘Other’. Based on the methods applied, studies were further grouped 
into seven categories: ‘Reviews’, ‘Geospatial analyses’ (spatial analysis, secondary data analysis), 
‘Experimental studies’ (field or laboratory studies), ‘Surveys’, ‘Models’ (scenarios and simulations), 
‘Economic and policy analyses’ (economic evaluations, Life Cycle Assessments (LCAs), policy 
evaluations, frameworks and concepts) and ‘Other’. 
2.2.3.  Step 2: Only quantitative MF assessments (subset of 101 studies) 
In the second step, we focused only on the studies that assessed MF in a quantitative way, i.e. that 
provide a metric indicating a specific level of MF for the studied ecosystem or landscape. 101 
publications (hereafter, called ‘MF assessments’) fulfilled these criteria and serve as the basis for all 
subsequent analyses. These publications were reviewed using the following additional criteria 
(Appendix A: Table A1): First, we analyzed the choice of ecosystem functions, services or other 
variables (e.g.: landscape functions, ecosystem processes, etc.), which were used to quantify MF 
(hereafter summarized as ‘ecosystem functions and services’). We noted the number of ecosystem 
functions and services considered and the terms used for these variables (Appendix A: Table A2). In 
addition, we classified them into ‘ecological’ and ‘socio-economic’ variables, indicating whether they 
mostly value ecological (e.g. ‘litter decomposition’ or ‘habitat provision’) or socio-economic aspects 
(e.g. ‘outdoor recreation’ or ‘timber production’) of MF. The ecosystem functions and services were 
further assigned to one of the four ecosystem service categories (‘Provisioning’, ‘Regulating’, ‘Cultural’ 




and ‘Supporting’) of the Millennium Ecosystem Assessment (MEA, 2005), which can be done for both 
ecosystem functions and services, as in Soliveres et al. (2016).  
The data sources used to derive the ecosystem functions and services were classified as either ‘primary 
data’ (field experiments, lab experiments, questionnaires, remote sensing, and surveyed farm data) or 
‘secondary data’ (administrative data, secondary spatial data, databases, expert knowledge, meta-
analysis, and literature) (Seppelt et al., 2011; Appendix A: Table A3). We further identified six 
categories of assessment methods and classified all papers accordingly: ‘Microscale 
experiments/samplings’, ‘Plot/field observations’, ‘Municipality/farm scale observations’, ‘Regional 
observations (administrative units)’, ‘High resolution maps’, ‘Grid cells/land cover maps’ (Appendix 
A: Table A4). 
We specifically analyzed the methodology used to quantify MF (e.g., averaging methods, threshold 
approaches), as well as the spatial scale at which the study had been carried out. For the categorization 
of the scale, we used upper political scales (national, EU, global) and lower political scales (local, 
regional), as in von Haaren and Albert (2011). We further added a landscape scale, since MF is 
increasingly viewed as a “property of the landscape level” that enables the integration of the biophysical 
and socio-economic context (Mastrangelo et al., 2014). The landscape scale is located between the local 
and regional scale (Haaren and Albert, 2011; Mastrangelo et al., 2014) and is defined to be below 
100km² (Ayanu et al., 2012). In our analysis, local scale studies focus on forest stands, fields or city 
districts; landscape scale studies on sub-catchments or municipalities; and regional scale studies on 
hydrological catchments, mountain ranges or counties. 
Furthermore, we examined whether interactions between the ecosystem functions or services considered 
had been analyzed via correlation analysis, descriptive methods or other methods (see Lee and 
Lautenbach, 2016 for a review of different methods). Following the classification proposed by Seppelt 
et al. (2011), we also assessed the type of stakeholder involvement as follows: none, selection of 
ecosystem functions and services, valuation of ecosystem functions and services, scenario planning. All 
data were analyzed using Microsoft Office Excel (2007) and R Studio (Version 3.3.1.). 
2.2.4.  Step 3: Conceptual categorization of quantitative MF assessments (subset of 101 
studies) 
As a third step of the analysis, we applied a hermeneutic analysis to classify the studies into two major 
groups (EF-MF and ES-MF studies) by scanning the title, abstract and the list of ecosystem functions 
and services assessed. This classification was not based on the terminology used in the specific papers 
(e.g. ‘ecosystem functions’ or ‘ecosystem services’), but on the definition of EF-MF and ES-MF in 
Manning et al. (2018). Taking also into account the categorization proposed by Brandt and Vejre (2004), 
the publications were sub-grouped as follows: EF-MF assessments a) of purely biophysical nature or b) 
including human perspectives; and ES-MF assessments focusing on a) land use issues, b) policy 












2.3.1.  Research context and study types 
The number of papers using the term MF is increasing steadily (in particular since the year 2000, Fig. 
2.1), with the first article being published in 1972 and a total of 69 studies being published in 2016. 
More than two thirds of this research was conducted in Europe, with Italy, Germany, Spain and the UK 
together accounting for more than 25% of all studies (Appendix A: Table A5). The first quantitative MF 
assessments were conducted in 2007 and about 15 of such studies are currently published per year (Fig. 
2.1). 
 
Figure 2.1. Number of publications on multifunctionality per year. The table in the graph and the solid line 
represent all MF studies found (n = 507). The dashed line presents the subset of quantitative MF assessments (n = 
101). 
When analyzing all 507 MF studies, we found that most research on MF was conducted in the fields of 
‘Agricultural management’ (27%) and ‘Landscape planning’ (22%), followed by ‘Ecology and soil 
sciences’ (19%), ‘Urban and rural development’ (14%), ‘Forestry (9%) and ‘Other’ (9%) (Fig. 2.2a, 
Appendix A: Table A6). Conversely, almost half of the 101 quantitative MF assessments were 
conducted in the field of ‘Ecology and soil sciences’ (49%), while other research domains were 
represented far less often (Fig. 2.2a). The largest share of the 507 MF studies that we found were 
scientific reviews (27%), while the majority of the 101 quantitative MF assessments were experimental 
studies (42%), followed by geospatial analysis (28%) and model-based studies (22%) (Fig. 2.2b). The 
category ‘Geospatial analyses’ includes studies for which the data was not assessed via experimental 
field studies, surveys or models, but for which data originated from (re-analysis of) existing databases. 
 





Figure 2.2. Research fields and study types. a) Distribution of publications among six broad categories of 
research fields (for more information on the sub-categories of the six research fields see Appendix A: Table A6); 
b) distribution of publications among seven categories of study types. Black bars represent all MF studies found 
(n = 507). Grey bars represent only the quantitative MF assessments (n = 101). 
 
2.3.2.  The set of ecosystem functions and services: number, type and terms used 
In total, we identified 20 different terms (Appendix A: Table A2) that were used to describe the 
underlying processes, functions or services considered in the MF assessments. The preferred terms were 
‘ecosystem function’, which occurred in 35% of the MF assessments, followed by ‘ecosystem service’ 
that occurred in 25% of the MF assessments. Other phrases with the term ‘function’ (agricultural 
functions, landscape functions, etc.) were used in 20% of the MF assessments. For simplification, we 
here summarize all terms used under the term ‘ecosystem functions and services’. There was no obvious 
pattern of the use of different terms over time (Appendix A: Fig. A1).  
The number of ecosystem functions and services considered varied widely among the MF assessments, 
ranging from three to 27 with an average of eight (Fig. 2.3). Most MF assessments took into account 
five ecosystem functions or services. Looking into the type of ecosystem function or service considered 
we found that 55.4% of the MF assessments were focusing exclusively on ecological variables, 43.6% 









Figure 2.3. Number of ecosystem functions and services assessed in each MF assessment (n = 101). 
Most MF assessments took into account ecosystem functions and services from the categories 
‘Supporting’ and ‘Regulating’ (79% and 69%, respectively). Fewer studies included the categories 
‘Provisioning’ and ‘Cultural’ (43% and 37%, respectively) (Fig. 2.4a). If the category ‘Provisioning’ 
was included, in most cases ‘Cultural’ functions and services were considered as well, the opposite was 
the case for the categories ‘Supporting’ and ‘Cultural’ (defined significance level of positive/negative 
correlations: p < 0.05) (Fig. 2.4b, Appendix A: Table A8). Moreover, 80.2% of the studies assessed 
variables from more than one category (Fig. 2.4c).  
 
Figure 2.4. Assessment of ES categories in quantitative multifunctionality assessments. a) Proportion of 
ecosystem service categories considered within MF assessments (n =101) (multiple categories are possible per 
study). ecosystem service categories are presented by a color gradient from light grey to dark grey in the following 
order: Provisioning, Regulating, Cultural and Supporting; b) Correlations between the different ecosystem service 
categories (***: p < 0.005, **: p < 0.05, see Table A8); c) Proportion of MF assessments that assessed ecosystem 
functions and services from 1, 2, 3 or 4 different ecosystem service categories. (Icons designed by Freepik) 
Cultural 




2.3.3. Quantification of MF 
MF indicators and other assessment methods  
While many different approaches were used to quantify MF (Table 2.1), 84.0% of the studies used 
methods that aggregate MF into a single metric. Most commonly, the ‘threshold’ approach (32.8%) was 
employed, which calculates the number of ecosystem functions and services that simultaneously exceed 
one or multiple threshold value(s) (see Gamfeldt et al., 2008). Only ten of these threshold-focused 
studies applied a single threshold value, while most studies analyzed at least two or three discrete 
variables (Appendix A: Table A9). The remaining studies employed continuous thresholds, thereby 
covering a full range of thresholds between, for example, 1 and 99% of the values of ecosystem functions 
and services considered. 
The second most widely used method was the ‘averaging approach’ (30.4%), which computes the 
average value of multiple standardized ecosystem functions and services (see Mouillot et al., 2011; 
Zavaleta et al., 2010) as a single MF metric. 14.4% of the studies estimated the level of MF by 
calculating the ‘sum’ of all standardized ecosystem function or services, and 6.4% studied MF by 
building other ‘Indices’ (Simpson's Index, Shannon Index etc.). The remaining 16% of studies used 
various other approaches for the assessment of MF without necessarily aiming at aggregating MF into 
a single metric. The category ‘Other approaches’ includes radar charts (3 studies), Principal Component 
Analysis (3), multi-objective optimization (2), the turnover approach (2), cluster analysis (2), the 
evaluation of stated preferences (2), etc. Notably, 16 of the 101 studies used more than one assessment 
method: Ten studies used two different approaches; four studies used three different approaches and two 
studies used four different approaches.  
Table 2.1. Type of assessment method used to quantify multifunctionality.  
Method Number of 
studies* 
% of  
studies 
















Number of ecosystem functions 
and services that exceed…  
…a single threshold 
…few multiple thresholds 




Gamfeldt et al., 2008 
Zavaleta et al., 2010 
Byrnes et al., 2014 
Averaging approach 38 30.4% Average value of all ecosystem 
functions and services 
Maestre et al., 2012b 
Sum 18 14.4% Sum of all ecosystem functions 
and services 
Andersen et al., 2013 
Indices 8 6.4% Richness and/or diversity of 
ecosystem functions and services 
Brandt et al., 2014 
Other approaches 20 16.0% -  Queiroz et al., 2015 
*The total number of MF assessments equals 125, as some studies used more than one method. 
 




Accounting for trade-offs and synergies 
In total, 59% of the 101 quantitative MF assessments accounted for interactions between ecosystem 
functions and services. There was no correlation between the number of ecosystem functions and 
services assessed and the testing for interactions. Most of the interactions were examined by correlation 
analysis (42%) and descriptive methods (14%) (Appendix A: Table A10). Descriptive methods for 
characterizing interactions between ecosystem functions and services, such as qualitative descriptions 
of ES relationships based on GIS analysis (e.g. Schulz and Schröder, 2017) or ecosystem service bundles 
(e.g. Mouchet et al., 2017), were mostly used in combination with the MF indicator ‘sum’ or ‘other 
approaches’ (Appendix A: Table A10). Among the different assessment methods the percentage of 
studies that tested interactions varied between 50% for studies that applied ‘continuous thresholds’, 
‘indices’ or ‘averaging’, and 65% for studies that applied ‘other approaches’, ‘sum’, and ‘single or 
discrete threshold(s)’ (Appendix A: Table A10).  
Spatial extent of the study region 
MF was assessed on different spatial scales ranging from microscales to global scales (Table 2.2). In 
total, 71 studies were conducted on ‘lower political scales’ (local, landscape, regional) and 17 studies 
on ‘upper political scales’ (national, multinational, global). Additionally, 12 studies conducted MF 
assessments on a microscale (e.g. assessing bacterial or enzyme MF; e.g. Peter et al., 2011).  
Table 2.2. Spatial extent of the MF assessments. 
  Lower political scales Upper political scales 





(n = 100)* 
12 32 7 32 5 8 4 
*Total = 100 MF assessments, as one study was conducted on two spatial scales and two studies were modeling 
studies without applicable extent. 
Stakeholder involvement 
We found that only 15 of the 101 quantitative MF assessments involved stakeholders. Stakeholders 
participated either through the selection of ecosystem functions and services (2 studies), the valuation 
of ecosystem functions and services (11) or both, selection and valuation (2). Notably, all of these 15 
participatory studies assessed not only ecological, but also socio-economic variables. Furthermore, all 
but one of these studies took cultural ecosystem functions and services into account.  
2.3.4.  Conceptual differences 
42 assessments fell into the group of ES-MF studies, having an anthropocentric perspective of MF (Fig. 
2.5). The following terms were used in these studies: ecosystem services (20 studies), functions (8), 
landscape functions (6), farm/forest/agricultural functions (3), landscape services (2), etc. By sub-
grouping the ES-MF studies according to the classification by Brandt and Vejre (2004), we found that 
five assessments looked at cultural aspects only; eight assessments had a strong policy focus; and more 
than half of the studies (22) focused on multifunctional land use issues in general (e.g. land use conflicts, 
optimized land management practices, etc.) (Appendix A: Table A11). Overall, ES-MF studies were 




characterized by an equal proportion of ecological and socio-economic variables, as well as by a 
balanced representation of different ecosystem service categories (Fig. 2.5; Appendix A: Table A7). 
On the other hand, 59 assessments could be described as EF-MF studies. In these studies, the following 
terms were used to define multifunctionality: ecosystem functions (36 studies), ecosystem services (5), 
ecosystem/ecological processes (7), and soil variables/functions (3). While most studies (48) followed 
a purely ecological approach to assess MF, at least 11 EF-MF assessments included human perspectives 
and had a strong policy or management relevance (Appendix A: Table A11). A common feature of the 
EF-MF studies however was their strong focus on ecological variables; only 8% of the studies included 
socio-economic variables (Fig. 2.5, Table A7). Moreover, while the ES-MF studies did account for 
ecosystem functions and services of three ecosystem service categories on average and captured the 
different ecosystem service categories in a balanced way, the 59 EF-MF studies accounted for only two 
ecosystem service categories on average, with a strong focus on the categories ‘Regulating’ and 
‘Supporting’ (Fig. 2.5). At the same time, stakeholder involvement was almost non-apparent in EF-MF 
studies (Fig. 2.5). 
 
Figure 2.5. Assessments of ES categories in ES-MF and EF-MF studies. a) Proportion of ecosystem service 
categories considered within EF-MF (n = 59) and ES-MF (n = 42) assessments. Ecosystem service categories are 
presented by a color gradient from light grey to dark grey in the following order: Provisioning, Regulating, Cultural 
and Supporting; b) Relative proportion of the type of variables considered in EF-MF and ES-MF assessments; c) 
Stakeholder involvement (proportion of studies) in EF-MF and ES-MF assessments. (Icons designed by Freepik) 
EF-MF and ES-MF studies did not only show conceptual dissimilarities and different priorities, but also 
differed largely in the employed MF quantification methods. The dominating methods in EF-MF studies 
were the ‘averaging’ and ‘threshold’ approaches, together accounting for 86% of methods used. In 
contrast, taking the ‘sum’ was the method prevailing in ES-MF studies, followed by ‘discrete thresholds’ 
(38% and 20%, respectively, Appendix A: Table A7). ES-MF studies further used ‘indices’ much more 
than EF-MF studies (16% vs. 1.25%, Appendix A: Table A7). Interactions between ecosystem functions 
and services were more or less assessed in the same way. However, ES-MF studies made use of 
descriptive methods slightly more often than EF-MF studies, which mostly utilized correlation analysis 
(Appendix A: Table A7). Regarding the spatial extent of the analyses there were no striking differences, 
except for the regional scale which was addressed by 45% of the ES-MF studies, but only by 22% of 




the EF-MF studies. ES-MF studies were not conducted on microscales or global scales (Appendix A: 
Table A7).  
2.4. Discussion 
The results of this review have shown a variety of conceptualizations and assessments of MF. While it 
has been argued that this variety might limit the comparability among MF assessments (Queiroz et al., 
2015), it also reflects the high interest in the topic and the broad field of potential applications (Brandt 
and Vejre (Eds), 2004; Manning et al., 2018). The two major questions that we here focused on are (1) 
how different conceptualizations of MF are operationalized (Section 2.4.1), and (2) which are the major 
criteria that make MF assessments strong tools with high relevance for management and decision-
making (Section 2.4.2). 
2.4.1.  Different conceptualizations of MF 
The choice of ecosystem functions and services considered in the reviewed studies reflects different 
conceptualizations of MF and represents the researchers’ understanding of MF. As there is no common 
and unifying understanding of MF in the scientific community, each study needs to be interpreted 
individually in its study-specific context. With respect to future MF assessments, however, we found 
that a characterization of MF studies as recently suggested by Manning et al. (2018) is helpful. It is 
evident that this classification cannot be based on terminology only (‘ecosystem functions’ vs. 
‘ecosystem services’), as different ways of interpreting ‘ecosystem services’ and ‘ecosystem functions’ 
exist (Bennett et al., 2015; Huang et al., 2015). Assessments of multiple ecosystem functions, for 
example, often include aspects that go beyond a purely ecological dimension (e.g. information functions; 
de Groot et al., 2002). Assessments of multiple ecosystem services, on the other hand, are often based 
on biophysical indicators only (e.g. Lundholm, 2015; Mitchell et al., 2014), being more easy to quantify 
(Seppelt et al., 2011). Such studies often lack a valuation by stakeholder and can therefore not directly 
be translated into the actual benefits that people  derive from nature (Bennett et al., 2015). 
While MF needs to be interpreted in the context of each individual study, a simple classification of MF 
assessments as conducted in this review allowed us to understand the implications of the different 
conceptualizations of MF for quantitative MF research. Depending on the individual conceptualization, 
we found different types of assessment approaches. First, MF assessments framed within a more 
anthropocentric understanding of MF (ES-MF studies) captured ecological and socio-economic values 
in a balanced way. They were capable of addressing multiple human needs, which is seen as a 
prerequisite for the management of sustainable and resilient land use systems (Lovell and Taylor, 2013; 
Mander et al., 2007; O’Farrell and Anderson, 2010). In line with other researchers (Hansen and Pauleit, 
2014; Raudsepp-Hearne et al., 2010), we argue that such integrated and ‘holistic’ studies, considering 
human-environmental interactions, are much needed to support policies and decision-making towards 
increased MF. On the other hand, studies framed within a more ecological understanding of MF (EF-
MF studies) largely focused on functions that regulate or support ecosystem processes. They ranged 
from fundamental research on ecosystem processes to more applied management-relevant issues. This 
again highlights that a separation of MF assessments into two concepts only is certainly a simplification. 
A large number of studies in this review were in fact capable of bridging ecological and social 
assessments (e.g. Allan et al., 2015; van der Plas et al., 2016b). Such inter- and transdisciplinary research 
is much needed to further develop concepts and methods in landscape ecology (Fischer et al., 2007; 
O’Farrell and Anderson, 2010).  




2.4.2.  Beyond the assessment of multiple ecosystem functions and services 
Based on this review, we see three major criteria that make MF assessments strong tools with high 
relevance for management and decision-making: (1) the assessment of trade-offs and synergies, (2) the 
careful consideration of the underlying assumptions, strengths and weaknesses of the MF indicator(s) 
used, and (3) a sensible involvement of stakeholders for the study-specific definition and valuation of 
MF. 
Trade-offs and synergies: Only an integrative analysis of trade-offs and synergies enables well-
informed decisions towards or against certain land use and management practices (Cord et al., 2017a; 
Willemen et al., 2010). Therefore, quantitative MF assessments should not only consider multiple 
ecosystem functions and services simultaneously, but also specifically assess interactions among them. 
Since many ecosystem functions and services are either directly interlinked or influenced by the same 
drivers (Bennett et al., 2009), the inability to account for trade-offs and synergies may be indeed one of 
the largest weaknesses of the common MF indicators (Dooley et al., 2015; Dusza et al., 2017). More 
than half of the MF assessments in this review were already complemented with an analysis of trade-
offs and synergies (Appendix A: Table A10). We strongly recommend further expanding this field 
beyond the sole identification of interactions. As suggested in Cord et al. (2017), studies need to explore 
the drivers that shape ecosystem functions and services relationships, as well as the limits to MF, in 
order to support decisions towards increasing MF. 
Underlying assumptions of MF indicators: Methods used to quantify MF should be carefully selected 
by taking into account the underlying assumptions, strengths and weaknesses of different MF indicators. 
For example, the ‘averaging’ approach, originally introduced by Moulliot (2011), is a straightforward 
and simple technique (Byrnes et al., 2014) that produces a single metric by averaging the values of all 
standardized ecosystem functions and services. Individual functions or services are assumed to be 
substitutable by other functions or services in this approach. The same assumption applies to the ‘sum’ 
approach. These two methods estimate the supply of multiple ecosystem functions and services, without 
giving any insights on their identities or on underlying interactions (Byrnes et al., 2014; Gamfeldt et al., 
2008; Maestre et al., 2012a). Such a representation of MF may be most suitable for the identification of 
hot- and coldspots of MF (e.g. Meerow and Newell, 2017; Willemen et al., 2010). 
In contrast, the ‘threshold’ approach accounts for only those ecosystem functions and services that 
exceed a critical threshold. Low level ecosystem functions and services that may arise from strong trade-
offs are not considered (Allan et al., 2015; Byrnes et al., 2014; Stürck and Verburg, 2017). This approach 
is particularly suitable if a specific threshold value exists (e.g. water purification: water quality has to 
meet certain standards for drinking water). However, the choice of the threshold value is critical and has 
a strong impact on the study outcome (Stürck and Verburg, 2017). The ‘continuous thresholds’ approach 
partly overcomes this drawback by exploring a continuous range of possible thresholds. Here, different 
MF metrics are being produced that allow a more nuanced interpretation of MF (see Byrnes et al., 2014). 
This, for example, allows exploring how the relationship between species richness and ecosystem 
functioning changes with the number of ecosystem functions considered (Gamfeldt and Roger, 2017). 
While the ‘continuous thresholds’ approach has often been used in Biodiversity-Ecosystem-Functioning 
studies (e.g. Lefcheck et al., 2015; van der Plas et al., 2016a), it has as of yet not been applied in ES-MF 
studies (Appendix A: Table A11).  
Instead of focusing on the overall amount of ecosystem functions and services provided it has also been 
suggested to use diversity indices of ecosystem functions and services to provide an estimate of MF (e.g. 
Shannon’s H, Plieninger et al., 2013; Simpson’s reciprocal index, Raudsepp-Hearne et al., 2010). Using 
these indices, the supply of individual ecosystem functions and services is related to their total supply 




in an area (Stürck and Verburg, 2017). While richness-focused indicators of MF might be misleading, 
diversity-focused approaches allow evaluating whether functions and services are equally supplied or 
whether a few dominant ones exist (Plieninger et al., 2013; Stürck and Verburg, 2017). Some balancing 
among focal ecosystem functions and services can further be applied, as different diversity indices give 
more weight to either abundant (Simpson’s reciprocal index) or rare (Shannon’s H) functions and 
services. Such approaches to assess MF are particularly suitable in cases where in-depth analyses of MF 
composition are needed. Similarly, ecosystem service bundles, radar charts or flower diagrams have 
widely been used to elucidate ecosystem service diversity and to illustrate the composition or spatial 
clustering of multiple ecosystem services (Dittrich et al., 2017; Huang et al., 2015; Manning et al., 2018).  
While there is no single best MF indicator, the choice of the quantification method needs to be based on 
the research question. The variety of available methods can also be used to highlight different aspects 
of MF (e.g. Früh-Müller et al., 2018), and to enable a sensitivity analysis of the results (Stürck and 
Verburg, 2017; Valencia et al., 2015). 
Participatory approaches: The involvement of stakeholders within MF assessments and ecosystem 
service studies in general is small (Seppelt et al., 2011), which limits our understanding of the 
relationships between ecosystems and human well-being (Bennett et al., 2015). In order to better 
understand such relationships and to spur discussions on land use, the demand for individual ecosystem 
services and for overall MF needs to be integrated in socially-relevant studies (Cowling et al., 2008; 
O’Farrell and Anderson, 2010). In particular ES-MF assessments should therefore aim at a sensible 
involvement of stakeholders at different stages of the assessments: (i) conceptualization of MF; (ii) 
selection and valuation of ecosystem functions and services; and (iii) development of scenarios and 
planning for land use changes (Mastrangelo et al., 2014). A stronger focus on appropriate stakeholder 
involvement would significantly strengthen ES-MF assessments and enhance their policy relevance. We 
argue that MF indicators would then change from largely descriptive indicators to more normative ones.  
 
2.5. Conclusions 
While landscape MF has become a general policy aim and the number of papers published on MF 
increased rapidly since the 2000s, a lack of implementation of the concept in environmental management 
has been pointed out (Otte et al., 2007; Wiggering et al., 2003). This review of 101 publications using 
quantitative methods to assess ecosystem or landscape MF shows that these studies are associated with 
many different research fields. It also reflects on the variety of conceptualizations of MF and it 
summarizes the state-of-the-art of assessment methods. To provide guidance for priority setting and to 
spur the use of quantitative MF assessments in different research fields, we here conclude with 
recommendations towards improved MF assessments and their interpretations: 
1) MF needs to be assessed differently, depending on the research context. The choice of ecosystem 
functions and services considered is therefore a critical first step in the study design and should not be 
driven by data availability only. Depending on the research question, MF can, for example, be assessed 
by focusing solely on ecological aspects or more on integrative socio-ecological perspectives. 
2) The choice of the MF indicator used needs to take into account the underlying assumptions, strengths 
and weaknesses of each approach. A combination of multiple methods can be used to estimate the 
sensitivity of the results. MF studies should further include an integrative analysis of trade-offs and 
synergies among ecosystem functions and services.  




3) MF assessments having a socio-ecological focus can be significantly strengthened by more (targeted) 
stakeholder involvement. This would enable their use as normative planning tools and would make 
assessments more relevant for decision-making processes. 
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Abstract 
Multifunctionality refers to the capacity of an area to supply multiple ecosystem functions or services. 
While many conceptual and methodological advances have focused on defining and quantifying 
multifunctionality, the challenge of dealing with cross-scale dynamics of multifunctionality remains 
open. This study proposes a new way of measuring multifunctionality across spatial scales, illustrated 
with a European-wide dataset of 18 ecosystem services. Our assessment captures not only the diversity 
of ecosystem services supplied within each municipality (alpha-multifunctionality), but also the unique 
contribution of each municipality to the regional ecosystem service diversity (beta-multifunctionality). 
This cross-scale analysis helps better understanding the spatial distribution of ecosystem services, which 
is required to design management and policies at the right scale. Our analysis shows that alpha-
multifunctionality follows a latitudinal gradient across Europe and strongly decreases towards the city 
centers of metropolitan areas. By relating alpha- and beta-multifunctionality to land use intensity, we 
show that low-intensity management systems support higher ecosystem multifunctionality across 
Europe. Municipalities of low alpha-multifunctionality often contribute significantly to regional 
multifunctionality, by providing ecosystem services of a specific value to the region. Our method to 
measure both alpha- and beta-multifunctionality thus provides a new way to inform reconciliation of 
competing land uses when maximizing alpha-multifunctionality is not reasonable. 
Keywords: spatial scale, ecosystem services, α-diversity, β-diversity, Europe 





The concept of ecosystem multifunctionality emerged from the necessity to manage and use land for 
various purposes in order to satisfy different human needs and preferences (Mander et al., 2007; 
Wiggering et al., 2003). It has recently been embraced by global (IPBES, FAO, OECD, TEEB), 
European Union (DG AGRI) and national (UK NEA) agricultural and environmental institutions and 
initiatives, especially to foster rural development (Sumelius and Bäckman, 2008, see Appendix B: B1 
for a Glossary, also available online at stacks.iop.org/ERL/14/124083/mmedia). Central to this concept 
is the idea that multifunctional landscapes avoid a spatial and temporal segregation of ecosystem 
functions and processes, in ways that help sustain ecosystems, their biodiversity and functioning in the 
long term (Bennett et al., 2009; Brandt and Vejre (Eds), 2004; de Groot, 2006). Thus, multifunctional 
landscapes supply multiple ecosystem services, including provisioning (e.g. food production, water 
extraction), regulating (e.g. air purification, carbon sequestration, pollination) and cultural services (e.g. 
aesthetics, recreation potential) (Bennett et al., 2015; Díaz et al., 2015). Assessing multifunctionality as 
the supply of multiple ecosystem services provided in a given area is hence regarded as a novel and 
integrated way to study land use in human-dominated landscapes and to reflect on the multiple human 
benefits derived from nature (Queiroz et al., 2015; Rodríguez-Loinaz et al., 2015; Stürck and Verburg, 
2017).  
Some of the challenges to assess multifunctionality, such as data limitations and a common 
understanding of transdisciplinary research approaches, are slowly being addressed (Manning et al., 
2018; Stürck and Verburg, 2017). However, researchers continue to use various methods and indicators 
that are based on different assumptions (Box 3.1, reviewed in Hölting et al., 2019) and the debate about 
how multifunctionality should be measured is often the main focus of such studies (Manning et al., 2018; 
Mastrangelo et al., 2014). Major gaps thus still remain to operationalize multifunctionality in land 
management (Galler et al., 2016; Hansen and Pauleit, 2014; O’Farrell and Anderson, 2010). Especially 
the linking of multifunctionality hotspots (i.e., areas with the highest number of ecosystem services 
supplied) to the driving factors in landscape management is a major challenge (Meacham et al., 2016), 
and focus is needed on understanding the effects of management practices on the final bundle of 
ecosystem services (Nilsson et al., 2017).  
A mix of environmental and socio-economic factors determines the provision and spatial patterns of 
ecosystem services. A better understanding of those factors could help predicting where and how the 
supply of ecosystem services could change with certain management decisions (e.g. intensification, de-
intensification) or land use changes in time (e.g. urbanization, rewilding). Small-scale case studies have 
shown the importance of certain driving factors, such as land management intensity (Allan et al., 2015; 
Balzan et al., 2018; Le Clec’h et al., 2019) or population density (Queiroz et al., 2015; Rodríguez-Loinaz 
et al., 2015). However, larger scale assessments of drivers are mostly missing (but see Dittrich et al., 
2017; Mouchet et al., 2017; Stürck and Verburg, 2017).  
Conclusively, understanding cross-scale spatial variation in multifunctionality is crucial to apply 
management and decision-making to the most appropriate scale (Felipe-Lucia et al., 2014; Le Clec’h et 
al., 2019; Raudsepp-Hearne and Peterson, 2016). It might, for example, be important to promote only a 
few ecosystem services in a particular area, if these ecosystem services are demanded and not supplied 
across a larger region. Thus, less multifunctional patches might be reasonable, provided that 
management strategies promote a high level of multifunctionality at the landscape scale (Felipe-Lucia 
et al., 2018). While assessments at multiple spatial scales have been the focus of a few recent 
multifunctionality studies (e.g. Dick et al., 2014; Felipe-Lucia et al., 2014; Holt et al., 2015; Stürck and 




Verburg, 2017), a discussion of the importance of cross-scale interactions (sensu Scholes et al., 2013) 
is largely missing.  
To help address these gaps, we here present a novel methodological approach for assessing ecosystem 
multifunctionality that goes beyond the assessment of ecosystem service hotspots at defined spatial 
scales. We assess multifunctionality across scales and account for the unique ecosystem service 
contribution of municipalities within their regional context. Figure 3.1 exemplifies our methodological 
approach: Four hypothetical sites are shown, which each supply different amounts of four ecosystem 
services (food production, timber production, habitat quality and recreation potential). They all belong 
to the same region. While Site A is the most multifunctional site in terms of ecosystem service diversity 
(alpha-multifunctionality), Site D contributes most to the regional multifunctionality. This contribution 
is measured as the unique ecosystem service supply among all four sites (beta-multifunctionality), both 
in terms of service identity and abundance.  
 
Figure 3.1. Alpha- and beta-multifunctionality as assessed in this study. The figure shows four sites (A, B, C, 
D) within one region that supply different ecosystem services (food and timber production, habitat quality and 
recreation potential). Site A offers all four ecosystem services and has the highest alpha-multifunctionality, as 
quantified by the Gini-Simpson Diversity Index (N=total number of ecosystem services considered; pi = the supply 
of each ecosystem service (i) proportionally to the supply of all ecosystem services in that site; i.e. municipality in 
our study). Site B and C both supply three services, but site B has a higher alpha-multifunctionality as the Gini-
Simpson Diversity Index favors a balanced supply of services. Site D has the lowest alpha-multifunctionality. 
However, its contribution to the regional service supply is essential, because it is the only site that produces food 
at high levels. Beta-multifunctionality, calculated as the average dissimilarities between sites (see Methods for 
more details), taking into account service identity and abundance, is therefore highest in D. (Icons designed by 
Freepik) 
Our approach was inspired by van der Plas et al. (2016) who assessed how landscape multifunctionality 
in forest plots across Europe is promoted by plot-scale species richness (alpha-diversity) and turnover 
between plots (beta-diversity). To demonstrate the usefulness of our approach, we apply it to a large-
scale ecosystem service assessment of the European Union and relate ecosystem service diversity at the 
municipality level to population density and previously defined Land System Archetypes (Levers et al., 
2018) as potential driving factors. Based on our findings, we discuss the reasons for cross-scale 
variations of multifunctionality and the implications of this spatial variability for management and 
decision-making.  




Box 3.1. Multifunctionality indicators 
Ecosystem multifunctionality can be estimated with indicators similar to those of biodiversity (i.e., 
richness, abundance and diversity). Below, we summarize the main characteristics of these indicators 
and their application potential.  
Ecosystem service richness (similar to species richness) uses the number of ecosystem services 
supplied in a certain area as an indicator for multifunctionality (Willemen et al., 2010). Although it 
is a straightforward and simple way to indicate multifunctionality (‘the more the better’), it is entirely 
dependent on the number of categories reported, regardless of the amount of ecosystem services used. 
Comparison between areas or time periods would require a standardized inventory method. 
Ecosystem service abundance (similar to species abundance) is based on the number of ecosystem 
services supplying a certain quantity. As units strongly differ among ecosystem services, these 
supplies are typically normalized as proportion of the highest reported supply per ecosystem service. 
Most studies report averaged (e.g. Mouillot et al., 2011) or summed ecosystem service supply values 
(e.g. Rodríguez-Loinaz et al., 2015), as well as the number of ecosystem services exceeding one or 
more thresholds (Allan et al., 2015). While averaging is insensitive to the number of ecosystem 
services, the sum is very sensitive to it. Also, the balance in supply is not well captured and these 
indicators can be inflated by increasing supply of a few ecosystem services. Thresholds to define 
minimum supply values can potentially cope with this, but require a normative and often difficult to 
justify decision on where these thresholds should be. 
Ecosystem service diversity (similar to species diversity), combines richness and abundance 
components. Diversity indicators are calculated using the sum of individual ecosystem service 
supplies (~ species abundances) proportionally to the total ecosystem supply (~ total abundance), to 
allow comparison between regions with different categories reported. These indicators furthermore 
take into account evenness, or the balance between ecosystem service supplies, but differ as they 
either increase (Simpson Diversity Index, e.g. Raudsepp-Hearne et al., 2010) or decrease (Shannon 
diversity, e.g. Plieninger et al., 2013) the weight of the dominant ecosystem services. 
  
3.2. Methods 
3.2.1.  Ecosystem service indicators 
We used 18 ecosystem service indicators of the European MAES dataset (Maes et al., 2015) to define 
ecosystem multifunctionality. The indicators build on various reported and modelled ecosystem 
services, and present either the actual use or the potential supply of ecosystem services across all 28 EU 
Member States between 2008 and 2011 (Table 3.1, see Appendix B: B2 Description of the ecosystem 
service indicators). Each indicator was mapped to the lower Local Administrative Units (LAU level 2), 
representing municipalities or equivalent units (Maes et al., 2015). The regional level is represented by 
NUTS3 regions (Nomenclature of Territorial Units for Statistics), which is a standardized and 
hierarchical geographical system used across EU Member States. For further analyses, ecosystem 
service indicators were corrected for the surface area of the municipalities and standardized between 0 
and 1 (Appendix B: Fig. B3: Correlation analysis between the standardized ecosystem service 
indicators).  




Table 3.1. Ecosystem services quantified in this study, indicators used [units], classification of the indicators 
(i.e. supply or use) and data source (includes models) (adopted from Maes et al., 2015). 
Ecosystem service 
groups 





Food and feed 
1. Harvested production of food [tonne/km²] Use Eurostat 
2. Harvested production of fodder [tonne/km²] Use Eurostat 
3. Grazing livestock [heads/km²] Supply Eurostat 




timber and energy 
5. Harvested production of textile crops 
[tonne/km²] 
Use Eurostat 
6. Total timber removal [m³/km²] Use Eurostat 
7. Timber growing stock [m³/km²] Supply Eurostat 






9. Capacity of ecosystems to avoid soil erosion 
[ 0-1 ] 
Supply ESTIMAP 
10. Average soil retention [tonne/year* ha] Use ESTIMAP 
11. Surface area of forest with a protective 
function [ha/km²] 
Supply Eurostat 
12. Water retention index [ 0-1 ] Supply ESTIMAP 
Pollination 
13. Pollination potential [ 0-1 ] Supply ESTIMAP 
14. Harvested production of pollination 




15. Habitat quality [ 0-1 ] Supply ESTIMAP 
Soil fertility 16. Gross nutrient balance [ 0-1 ] Use Eurostat 
Climate regulation 





Recreation 18. Recreation potential [ 0-1 ] Supply ESTIMAP 
*Supply: The potential capacity of a particular ecosystem to provide ecosystem services within a given time period. 
Use: The actual use of an ecosystem due to ecosystem service demand. (Definitions adapted from Spake et al., 
2017) **Eurostat is the statistical office of the European Union. ESTIMAP is a suite of models that assess 
ecosystem services at the European scale. 
3.2.2. Cross-scale assessment of ecosystem multifunctionality 
We assessed multifunctionality using two metrics: (i) alpha-multifunctionality, defined as the diversity 
of ecosystem service supply at the municipality level; and (ii) beta-multifunctionality, defined as the 
unique ecosystem service contribution of each municipality to the regional ecosystem service supply. 
To assess alpha-multifunctionality, we calculated the Gini-Simpson diversity index (formula in Fig. 3.1) 
using the function ‘diversity’ of the vegan package in R (Oksanen et al., 2013). This metric accounts for 
the number of ecosystem services, their supplies, as well as the balance between them and therefore 
remediates issues with richness or abundance indicators (Box 3.1; Simpson, 1949; see Appendix B: Fig. 
B4.1 for a comparison of multifunctionality indices). As a result, our alpha-multifunctionality indicator 
does not inflate if a municipality supplies only few, but very high levels of ecosystem services (Appendix 
B: Fig. B4.1). 
Beta-multifunctionality was assessed by evaluating the total abundance-based dissimilarities of 
ecosystem service supply among all municipalities of one NUTS3 region using the ‘beta.pair.abund’ 
function of the betapart package in R (Baselga and Orme, 2012). This metric again takes into account 
both service identity and abundance. The dissimilarity matrices were measured by using the Bray Curtis 
index: 𝐵𝐶𝑖𝑗 = 1 −
2𝐶𝑖𝑗
𝑆𝑖+𝑆𝑗
, where i and j are the two municipalities; Si is the summed supply of ecosystem 




services provided on site i; Sj is the summed supply of ecosystem services provided on site j; Cij is the 
sum of only the lesser ecosystem service supplies for each ecosystem service found in both sites (Bray 
and Curtis, 1957). The dissimilarity between sites A and B in Figure 3.1 is:  
𝐵𝐶𝑎𝑏  =  1 − 
2(0.0+0.2+0.2+0.2)
(0.2+0.2+0.2+0.2) + (0.0+ 0.5+0.5+0.5)
 = 0.47. 
Beta-multifunctionality for each municipality was then calculated as the average dissimilarity between 
that municipality and all other municipalities within that region. To facilitate comparability, the beta-
multifunctionality values within each region were rescaled between 0 and 1, with high values indicating 
those municipalities with unique services within the region, both in terms of service identity and 
abundance. Due to this ranking, there are no distinct patterns of beta-multifunctionality beyond the 
regional borders (Appendix B: Fig. B4.2). 123 municipalities are LAU2 and NUTS3 units at the same 
time (e.g. NUTS3 Code “FR101” = LAU2 Code “FR75056”), and therefore have no beta-
multifunctionality values. In contrast to the original alpha and beta diversity metrics developed by 
Whittaker in 1960, alpha and beta as presented in this paper are independent from one another (Baselga 
and Orme, 2012; Jost, 2007; Whittaker, 1960). 
3.2.3. Drivers of multifunctionality 
In order to explain the spatial patterns of alpha- and beta-multifunctionality across Europe, we 
investigated whether alpha- or beta-multifunctionality were correlated to population densities (data 
source: EEA, 2009) using Pearson correlations (see Appendix B: Fig. B5 for the results). We also 
examined the spatial co-occurrence of alpha- and beta-multifunctionality with Europe-wide Land 
System Archetypes, which are defined as characteristic patterns of land-use extent and intensity. Fifteen 
categories of Land System Archetypes had been mapped at 3*3 km² resolution by Levers at al. (2018) 
using Self-Organizing Maps (Levers et al., 2018, data description in Appendix B: Table B6). We 
reclassified alpha- and beta-multifunctionality into nine composite classes by quantiles (see Fig. 3.3) 
and calculated the proportion of each class per Land System Archetype. As these had been mapped only 
for the EU-27 for the year 2006, this analysis could only be performed for the current European Member 
States, excluding Croatia.  
Land System Archetypes and our multifunctionality metrics are partly based on the same input 
information (in particular CORINE land cover data), which might lead to problems with circular 
reasoning, also known as data endogeneity (Kümmerle et al., 2013). We therefore conducted a 
sensitivity analysis by recalculating alpha-multifunctionality using only those ecosystem service 
indicators that are not based on the same information (see Appendix B: Fig. B7.1) and calculating the 
proportion of each alpha-multifunctionality class per Land System Archetype. The results revealed 
almost the same ranking of Land System Archetypes as when using the full data set, with only minor 
dissimilarities in the proportions of alpha-multifunctionality classes, suggesting that the results based 
on the complete set of indicators are robust and non-endogenous (see Appendix B: Fig B7.1). In the 
same way as described above, we also assessed the relation between multifunctionality and Archetypical 
Change Trajectories (land system change between 1990 and 2006; Levers et al., 2018) (see Appendix 
B: Fig. B7.2).  
3.2.4. Correlation between alpha- and beta-multifunctionality 
Pearson correlations between alpha- and beta-multifunctionality within each NUTS3 region were 
calculated to further explore ecosystem service distributions at the regional scale. Municipalities with 
unique ecosystem service contributions were identified as outliers of high beta-multifunctionality using 




the correlation plots. If alpha-multifunctionality of the unique municipalities is high, the direction of the 
correlations is positive. If it is low, the direction of the correlations is negative. Ten case examples were 
thus selected, representing the NUTS3 regions with the five strongest positive and the five strongest 
negative correlations between alpha- and beta-multifunctionality (Fig. 3.5). NUTS3 regions with four 
or less municipalities were excluded from this analysis (in total 147 NUTS3 regions, Appendix B: Fig. 
B4.2). All spatial and statistical analyses were performed using R version 3.4.2 (R Core Team, 2013). 
 
3.3. Results 
3.3.1.  Spatial patterns of alpha- and beta-multifunctionality 
The diversity of ecosystem services supplied within municipalities, here defined as alpha-
multifunctionality, varied throughout Europe following a latitudinal gradient (Fig. 3.2). Larger regions 
of high alpha-multifunctionality were found in the southern parts of Europe, e.g. Portugal, Spain, 
Southern France (incl. Corse), Italy (incl. Sardinia), Croatia and Greece. Larger regions of low alpha-
multifunctionality were observed in the western and eastern parts of Europe (e.g. Ireland, England, 
Denmark, Poland, Romania or Bulgaria). In addition, notable patterns of alpha-multifunctionality were 
observed in areas with strong urban-rural gradients across Europe. Alpha-multifunctionality strongly 
decreased towards the city centers of metropolitan areas, as exemplified for the cities of London and 
Paris (Fig. 3.2). While this was evident for densely populated areas, a general correlation between 
population density and alpha-multifunctionality across the whole study region was not apparent 
(Appendix B: Fig. B5). 
Figure 3.2. Alpha-multifunctionality, measured as the diversity of ecosystem services based on the Simpson 
Diversity Index (LAU2 level). The different colors depict the variation in alpha-multifunctionality, which is 
divided into ten quantiles. The right side of the figure shows a zoom in on the map for the metropolitan areas of 
London and Paris. 




As beta-multifunctionality is defined and calculated with reference to each specific NUTS3 region, no 
clear continuous pattern can be observed across Europe, except for some mountainous regions (e.g. 
Pyrenees, Carpathians; Appendix B: Fig. B4.2). Moreover, we found no correlation between population 
densities and beta-multifunctionality (Appendix B: Fig. B5.1). The bivariate map (Fig. 3.3) provides a 
composite mapping of both alpha- and beta-multifunctionality, which allows for identification of 
particular patterns of the diversity and uniqueness of ecosystem service supplies at the municipality 
level. Some regions which had been identified as highly multifunctional in the alpha-multifunctional 
map (e.g. Greece), displayed low beta-multifunctionality. Other regions of low alpha-multifunctionality, 
displayed a high level of beta-multifunctionality (e.g. England). Distinctive combinations of alpha- and 
beta-multifunctionality and example regions are shown in Table 3.2. 
 
Figure 3.3. Bivariate map of alpha- and beta-multifunctionality based on quantiles (class intervals of alpha: 
[0-0.774], [0.775-0.793], [0.794-0.923]; class intervals of beta: [0-0.076], [0.077-0.226], [0.227-1]). On the right 
side of the figure, the frequency distributions of alpha- and beta-multifunctionality are shown with red lines 
indicating the class intervals. 
Table 3.2. Distinctive combinations of alpha- and beta-multifunctionality, values, description and example 
regions. 
Alpha, Beta values Description Example regions 
High alpha, 
High beta 
a > 0.793, b > 0.226 Highly diverse and unique Pyrenees, Carpathians 
High alpha, 
Low beta 
a > 0.793, b < 0.076 Highly diverse but not unique Northern Finland, Bretagne 
Low alpha, 
High beta 
a < 0.774, b > 0.226 Less diverse but unique England, Northern Italy 
Low alpha, 
Low beta 
a < 0.774, b < 0.076 Less diverse and not unique 
Poland, Romania, Spanish Plateau, 
East of England, Denmark 




3.3.2.  Links between multifunctionality and Land System Archetypes 
The overlap analysis with Land System Archetypes showed that areas with high alpha- and beta-
multifunctionality generally coincided with low-intensity management systems, including fallow 
farmland and permanent cropland, with the exception of high-intensity forest (Fig. 3.4). Coldspots of 
both alpha- and beta-multifunctionality, on the other hand, coincided with medium- to high-intensity 
management systems. Urban built-up areas generally had a low degree of alpha-multifunctionality, 
while a large proportion of this land use category was characterized by high beta-multifunctionality.  
Figure 3.4. Proportion of the composite alpha- and beta-multifunctionality classes (based on quantiles as in 
Fig. 3.3) within each of the 15 Land System Archetypes. Each bar represents one Land System Archetype category 
with the area share across the entire EU-27 (without Croatia) in brackets. Dark blue bars depict combined hotspots 
of alpha- and beta-multifunctionality. The same color scheme was used as in Fig. 3.3. 
By comparing alpha- and beta-multifunctionality to the Archetypical Change Trajectories we found 
hotspots of alpha- and beta-multifunctionality primarily within the trajectories representing major land 
use conversions (e.g. forest expansion on grassland, loss of permanent cropland, deforestation resulting 
from agricultural expansion) rather than within trajectories representing changes along intensity 
gradients (e.g. intensification or extensification of the same land use systems) (Appendix B: Fig. B7.2). 
In addition, we identified the largest proportion of coldspots of alpha-multifunctionality in regions 
characterized by “Intensification to high-intensity cropland”, “Urban expansion”, and “De-
intensification of high intensity livestock farming” (Appendix B: Fig B7.2). 
3.3.3. Identifying and characterizing unique municipalities  
The correlation between alpha- and beta-multifunctionality within each NUTS3 region was negative for 
801 NUTS3 regions (with 297 significant correlations: p < 0.005) and positive for 377 NUTS3 regions 
(with 75 significant correlations: p < 0.005). Figure 3.5 shows the ten case examples with the five 
strongest negative (upper part of Fig. 3.5) and the five strongest positive correlations (lower part of Fig. 
3.5), each presenting one NUTS3 region. Within the example regions, there were up to three 
municipalities identified as unique municipalities driving the correlation between alpha- and beta-
multifunctionality. 
 





Figure 3.5. Identification of unique municipalities: correlations between alpha- and beta-multifunctionality 
within the ten NUTS3 regions that showed the strongest negative (upper row) or positive (lower row) 
correlations. Example regions were located in Germany, Finland, Belgium, Sweden, England and Greece. The 
number of municipalities per case example ranged from 5 to 19 (each represented by a data point). R-values 
represent the Pearson’s correlation coefficient. P-values represent the probability values that indicate whether the 
correlation coefficients are significantly different from zero.  
In regions with negative correlation (Fig. 3.5, upper row), unique municipalities are characterized by a 
low alpha-multifunctionality. They have a more specialized, narrow ecosystem service supply than other 
municipalities within the same region: the unique municipalities within the two Finish (FI1C3, FI1D4) 
and one of the German (DE27A) regions supply high levels of provisioning services in otherwise mostly 
rural and recreational areas; the municipality of Oostende in the Belgian case region (BE255) provides 
high levels of water abstraction; the unique municipality in the German case region of Wangerooge 
(DE94A) has the highest recreation potential and represents the part of the region with the highest share 
of Natura 2000 protected area. 
In regions with positive correlation (Fig. 3.5, lower row), unique municipalities are characterized by a 
high alpha-multifunctionality. They do not have a particularly specialized, but a generalized ecosystem 
service supply: Most municipalities in the Swedish and the German case regions (SE221, SE121, 
DEC05) lack a sufficient supply of provisioning services. Those municipalities that do supply timber 
and other provisioning services were here identified as unique. In the densely populated regions of 
Southern Athens (EL304) and Portsmouth (UKJ31), there is a lack of many ecosystem services in all 
municipalities (e.g. food and fodder, timber growing stock, pollination, soil retention) except for those 
municipalities that are less populated, here characterized by a high beta-multifunctionality.  
 
3.4. Discussion 
This is the first study to derive continuous maps of alpha- and beta-multifunctionality across Europe, 
connecting these to land use intensity as a key driver of ecosystem multifunctionality and thereby 
deriving unique insights on how ecosystem services are distributed across landscapes. While first efforts 
to assess alpha- and beta-multifunctionality have applied a threshold-based approach (i.e. number of 
ecosystem services passing a certain threshold; van der Plas et al., 2016) our approach takes into account 
the identity of ecosystem services. Instead of aggregating all ecosystem services within one metric only, 
we can now not only identify areas of particularly high multifunctionality (alpha-multifunctionality) but 




also areas of unique ecosystem services (beta-multifunctionality). In the following, we provide 
recommendations on how to broaden our current perspective of landscape multifunctionality and outline 
directions for future research.  
3.4.1. Patterns and drivers of alpha- and beta-multifunctionality 
In line with previous studies (Mouchet et al. 2017; Stürck et al. 2017), our results demonstrate that the 
diversity of ecosystem service supplies varies largely across Europe, following climatic and topographic 
gradients (c.f. Fig. 3.2: south-north gradient, mountainous areas vs. lowlands). Many ecosystem services 
(e.g. food and fodder productions, carbon sequestration, net ecosystem productivity) follow a latitudinal 
gradient as they are largely influenced by the number of growing degree days (Haberman and Bennett, 
2019) and primary production (Mouchet et al., 2017). Increased levels of alpha-multifunctionality are 
further apparent in mountainous areas due to increased levels of biodiversity and landscape 
heterogeneity (Crouzat et al., 2015; Grêt-Regamey et al., 2012), formerly identified as important drivers 
(Birkhofer et al., 2018; Soliveres et al., 2016). While such non-anthropogenic factors drive the potential 
capacity of an area to supply ecosystem services, their actual supply is directly influenced by human 
land use and management. In this study, we therefore focused on two anthropogenic driving factors: 
population density (as a proxy that reflects the overall human influence on land and its natural capital) 
and land use intensity.  
While population density could not explain patterns of alpha- or beta-multifunctionality across Europe, 
it still was a relevant driving factor in highly populated metropolitan areas (c.f. the case of London or 
Paris). In these examples, the capacity to supply multiple ecosystem services decreased with increasing 
population densities. A recent study by Haberman and Bennett (2019) yielded very similar findings for 
metropolitan areas worldwide, confirming that population densities are crucially influencing the supply 
of ecosystem services. In most cases, only the hinterlands of densely populated areas are capable of 
producing a high diversity of ecosystem services (c.f. the case of Southern Athens and Portsmouth; 
Haberman and Bennett, 2019). Our results on the spatial co-occurrence of multifunctionality and Land 
System Archetypes characterized urban areas as coldspots of alpha-multifunctionality across Europe. 
Nevertheless, most urban areas contributed importantly to the regional multifunctionality by supplying 
ecosystem services that are unique in these regions (e.g. water abstraction, c.f. BE255). Our results 
further clearly confirmed the findings of local-scale studies (Allan at al., 2015; Balzan et al. 2018; Le 
Clec’h et al., 2019; Queiroz et al., 2015; Rodríguez-Loinaz et al., 2015) that low-intensity management 
systems support higher ecosystem multifunctionality, also on the continental scale. Regions of high land 
use intensity are often managed to maximize a specific set of ecosystem services only. However, such 
areas often contribute importantly to regional multifunctionality, by providing unique services (e.g. food 
and fodder in a rural area; c.f. FI1C3, FI1D4, DE27A).  
3.4.2. Key insights when assessing multifunctionality across scales  
We propose a new approach to assess multifunctionality across spatial scales that goes beyond the scope 
of standard multifunctionality assessments on a single scale. The approach allows identifying areas that 
provide ecosystem services, which are unique on a larger scale. Until now, multifunctionality 
assessments often have implied that more diverse or abundant supplies of ecosystem services are ‘good 
per se’ and a generally desired management aim. However, there are inherent limits to ecosystem 
multifunctionality and not all ecosystem services can be maximized at all scales (Turkelboom et al., 
2018). Consequently, we have to better understand where and at which scale multifunctionality is 
actually needed (Fischer et al., 2017; Plieninger et al., 2019; Turkelboom et al., 2018). While some 
ecosystem services are important at all scales (e.g. air quality), other services are primarily demanded 
and valued at a specific scale where the demand is particularly high (e.g. food production in a densely 




populated area, flood regulation in a city nearby a river) (Fisher et al., 2009; Raudsepp-Hearne and 
Peterson, 2016).  
Ecosystem services that are unique within a larger area might therefore have a higher value to society 
than abundant ecosystem services. In this way less diverse, but specialized municipalities might be 
undervalued if they are not viewed within a larger spatial context. Our new indicator of beta-
multifunctionality evaluates the ‘uniqueness’ of services supplied by municipalities on a regional scale. 
We argue that, in order to actually increase the benefits that people derive from nature, the promotion 
of ecosystem multifunctionality (i.e. the diversity or richness of ecosystem services) should be 
complemented by the reflection of the actual values of the particular area to society. In this context, 
uniqueness is an important indicator when analyzing the demand for ecosystem services (Quintas-
Soriano et al., 2019). 
3.4.3. Choosing the scales 
Our proposed approach can be applied at any spatial scale. We have chosen the municipality vs. regional 
scale, because landscapes have traditionally been shaped by human land use at the municipality level 
(Reyers et al., 2013; Vos and Meekes, 1999). Municipalities are therefore expected to supply a distinct 
set of ecosystem services and are often regarded as the relevant spatial units to assess the amounts and 
interactions of ecosystem services (Queiroz et al., 2015; Raudsepp-Hearne et al., 2010; Rodríguez-
Loinaz et al., 2015). Many policies target – or are implemented by – municipal decision structures (e.g. 
responsibilities for regulating land use, management of drinking water, maintenance of restoration 
infrastructures, regulation of tourism operations; Raudsepp-Hearne and Peterson, 2016). Moreover, 
municipalities within one region are not isolated, but important ecosystem service flows (defined as 
spatial movements of ecosystem-derived material, energy and information; Schröter et al., 2018) exist 
between municipalities on the regional scale (Spake et al., 2017). Finally, fostering socio-ecological 
resilience requires increasing multifunctionality for a diverse set of stakeholders (e.g. recreationists, 
rural population, farmers and other land managers, environmental organizations, municipal 
administration), which come together at regional scales (Holt et al., 2015; Howe et al., 2014; 
Turkelboom et al., 2018). 
Choosing spatial scales always creates strong boundaries. Future research on multifunctionality should 
therefore apply this method at other spatial scales (e.g. focus on unique regions at national scale), 
depending on the ecosystem services considered and the research questions at stake. In a similar 
reasoning, alpha- and beta-multifunctionality might be applied to assess regional vs. national 
multifunctionality, or even parcel vs. municipality multifunctionality. This choice will ultimately be 
guided by the policy application of interest, the specific management goal, or the research question at 
hand (Holt et al., 2016; Raudsepp-Hearne and Peterson, 2016). If an analysis would for instance be 
performed to inform national fiscal redistribution over municipalities, a municipality vs. nation scale is 
the relevant scale. Likewise, if an analysis would be performed to demonstrate how multifunctional 
mountainous areas contribute to downstream or lowland areas (Grêt-Regamey et al., 2012), non-
administrative scales, such as transboundary watersheds, could be chosen. 
3.4.4. Implications for management and decision-making 
Land management options to increase ecosystem multifunctionality are evident: we need to adapt to 
low-intensity management systems that are capable of supplying a more diverse set of ecosystem 
services. Our findings clearly point in this direction and confirm the results of numerous local studies 
(e.g. Allan et al., 2015; Balzan et al., 2018; Le Clec’h et al., 2019; Queiroz et al., 2015; Rodríguez-
Loinaz et al., 2015). However, in order to avoid scale mismatches (defined as problems that occur when 




the scale of environmental variation and the scale of use or management of ecosystem services are not 
aligned; Raudsepp-Hearne and Peterson, 2016) and to design policies at the right scale, we need to better 
understand i) the varying capacities of landscapes to supply certain services (as well as inherent limits 
to multifunctionality) and ii) the varying importance of ecosystem services for different areas and scales 
(as explained above).  
While sustainable management aims at promoting as many ecosystem services as possible and in large 
amounts, this might not always be possible at the local scale. Ecosystems have varying capacities to 
supply ecosystem services and trade-offs exist that are inherent to the system (Felipe-Lucia et al., 2018), 
such as those between organic matter turnover and soil carbon stocks (Lavorel et al., 2017), or timber 
production and habitat quality (Felipe-Lucia et al., 2014). If the supply of multiple services within one 
area cannot be maximized at a single time (Cord et al., 2017a; Holt et al., 2016; Turkelboom et al., 
2018), achieving multifunctionality at the landscape scale (i.e. high beta-multifunctionality) would be 
the goal. However, the fact that multifunctionality can be purposefully maximized at the landscape scale 
should not justify reducing multifunctionality at the local scale. Some ecosystem services cannot be 
replaced by a supply of this service elsewhere, especially regulating ecosystem services (e.g. flood 
regulation, air quality) (Fisher et al., 2009; Raudsepp-Hearne and Peterson, 2016). Beta-
multifunctionality can hence be seen as a way to accommodate competing land uses when maximum 
alpha-multifunctionality is not possible.  
 
3.5. Conclusions 
Our findings highlight that we need to adapt our land management systems in accordance with the 
capacity of the land to supply ecosystem services, if aiming for increased ecosystem multifunctionality. 
Especially, low-intensity land use systems are of key importance for maintaining multiple ecosystem 
services at regional scales and deserve special consideration in planning and decision-making. Instead 
of aggregating all ecosystem services in one metric at one scale, the uniqueness of ecosystem 
contributions by small areas to larger regions needs to be considered. Ecosystem service studies up until 
now have largely missed to evaluate multifunctionality as a diverse yet balanced ecosystem service 
supply across scales. Our approach advances the field of multifunctionality indicators and ecosystem 
services in this regard.  
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Abstract: Multifunctional landscapes are shaped by a range of different actors, often not pursuing the 
same management objectives, and are used by an even wider range of stakeholders. The high number of 
diverging values, interests or demands in such landscapes can lead to conflicts that impact sustainability 
goals. In this study, we assessed the importance of multiple ecosystem services for different stakeholder 
groups in two European cultural landscapes: the Vereinigte Mulde (Germany) and the Kromme Rijn (The 
Netherlands). Our aim was to include stakeholders’ valuations of ecosystem services in 
multifunctionality assessments and thereby reveal different perspectives on landscape 
multifunctionality. We used spatially explicit indicators of eleven ecosystem services and weighted them 
according to survey-based weighting schemes that represent the perceived importance of different 
stakeholder groups. While the results reveal that all stakeholder groups acknowledge the importance of 
multiple ecosystem services, some significant differences between the groups were apparent. 
Stakeholder-specific multifunctionality hotspots, however, occurred mainly in forests or grasslands and 
largely overlapped between the different groups. Our study clearly shows that multiple ecosystem 
services need to be sustained to preserve the values that cultural landscapes, such as the Vereinigte 
Mulde or the Kromme Rijn, provide to a wide range of people. While local solutions must be sought to 
resolve local land use conflicts over the use of ecosystem services, we conclude that multifunctionality 
can be declared a common goal.  
Keywords: ecosystem services, nature’s contribution to people, trade-offs, socio-ecological systems, 
land use management, surveys, perception, interest groups 




4.1. Introduction  
Studies assessing landscape multifunctionality have recently been regarded as an important knowledge 
base to inform land management (Manning et al., 2018; Stürck and Verburg, 2017). These studies assess 
the supply of multiple ecosystem services (i.e. benefits that people obtain from ecosystems) – including 
the provision of food and other raw materials, the regulation of environmental processes and the cultural 
experience of nature (MA, 2005) – and aggregate them into one multifunctionality indicator (Hölting et 
al., 2019a). Areas of high multifunctionality are thus regarded as areas where multiple benefits are 
provided to a range of stakeholder groups (O’Farrell and Anderson, 2010; Wiggering et al., 2003). 
Because multifunctional landscapes potentially meet diverse needs of society, increased 
multifunctionality is often associated with increased levels of human well-being (e.g. Kremen and 
Merenlender, 2018; MA, 2005; Rodríguez-Loinaz et al., 2015). However, in areas where many different 
land uses occur and multiple interests exist, stakeholders could use different ecosystem services and 
benefit to varying degrees from each of these services (Plieninger et al., 2019; Turkelboom et al., 2018). 
Zoderer et al. (2019) for example found that benefits of local farmers are mostly associated with 
provisioning services, while residents preferred regulating services and visitors preferred cultural 
services. Since different interests in ecosystem services supply could result in conflicts, ecosystem 
service multifunctionality should not simply be directly linked to the overall levels of human well-being. 
Instead, further research is needed to differentiate between various groups of stakeholders and the 
benefits each group receives from multifunctional landscapes.  
Until now, multifunctionality is predominantly assessed based on the potential supply of ecosystem 
services (i.e. the capacity of a particular ecosystem to provide ecosystem services within a given time 
period; Spake et al., 2017), including analyses of positive and negative correlations between ecosystem 
service supplies (i.e. synergies and trade-offs, respectively). The demand for ecosystem services, their 
actual use or the benefits that people receive from ecosystem services have been less of a focus, as 
reviewed in Hölting et al. (2019a) (but see: Darvill and Lindo, 2015; Iniesta-Arandia et al., 2014; Martín-
López et al., 2012; Quintas-Soriano et al., 2019). However, it has widely been argued that 
multifunctionality assessments could enhance their uptake in planning and management, when taking a 
more differentiated view on the beneficiaries in multifunctional landscapes, their values, interests and 
demands (Mastrangelo et al., 2014; Plieninger et al., 2019; Turkelboom et al., 2018).  
Based on previous research (e.g. Byrnes et al., 2014; Darvill and Lindo, 2015; Raudsepp-Hearne et al., 
2010), Manning et al. (2018) developed a new approach to assess multifunctionality for different 
stakeholder groups. In this approach, indicators of ecosystem service supply are weighted according to 
the benefits that various stakeholder groups associate with individual services. The aggregation of the 
weighted ecosystem services results in multifunctionality indicators that differ between the stakeholder 
groups. Here, we are using the approach suggested by Manning et al. (2018) to present stakeholder-
weighted multifunctionality assessments in two case study areas. We aim to demonstrate different 
perceptions of multifunctionality that are reflected in spatial patterns within our study landscapes. We 
hypothesize that ecosystem services are not equally valued by all stakeholder groups in an area and that 
different spatial patterns of multifunctionality can be observed for the different groups (Darvill and 
Lindo, 2015).   
In fact, management decisions are commonly made by the more influential stakeholder groups and often 
target marketable ecosystem services, while less influential stakeholder groups and non-marketable 
ecosystem services are overlooked (Turkelboom et al., 2018). Finding solutions that reduce such power 
inequalities and increase benefits for a wide range of stakeholders remains a great challenge in 
multifunctional landscapes. In this study, we have thus included both influential and non-influential 




stakeholder groups, as well as marketable and non-marketable ecosystem services. It has further been 
questioned whether stakeholders really appreciate multifunctionality or whether conflicts between them 
can actually arise due to the multifunctional character of a landscape (Komossa et al., 2019; von der 
Dunk et al., 2011; Zoderer et al., 2019). Recreationists, for example, who visit an area primarily to enjoy 
its tranquility, beauty and fresh air, might come into conflict with land users who disrupt its recreation 
potential (e.g. noise, dust or odour pollution from agricultural practices) (Martín-López et al., 2012). 
Nature conservationists, as another example, might come into conflict with recreationists who use the 
area for leisure activities (e.g. mountain biking, camping) without paying attention to the habitats of rare 
species (Young et al., 2005).  
While we do not assess land use conflicts specifically, we identify the overlap between stakeholder-
specific multifunctionality hotspots to discuss where conflicts could arise. We analyse interactions 
between the ecosystem services to find out whether the stakeholder groups actually perceive existing 
trade-offs or synergies. Moreover, we tested spatial co-occurrences between stakeholder-specific 
multifunctionality hotspots and land use types to find out which land use classes are commonly 
considered multifunctional. Our study focuses on two landscapes that have previously been 
characterized as multifunctional landscapes and are representative for numerous cultural landscapes in 
Central and Western Europe (Karner et al., 2019; Komossa et al., 2019; Verhagen et al., 2018). Our 
specific research questions are: a) How do different groups of stakeholders in multifunctional landscapes 
value the importance of multiple ecosystem services?; and b) How do quantitative indicators of 




4.2.1.  Description of the case study areas 
The two case study areas (Fig. 4.1) are densely populated peri-urban landscapes (i.e. formerly rural areas 
that are now shaped by urbanization; Shaw et al. 2020) and thus represent both residential and economic 
areas. They are comparable in size, known for their unique landscape scenery and biodiversity, and 
primarily used for recreation and agricultural production. The Kromme Rijn area (219 km², 86.090 
inhabitants) is located outside of Utrecht (The Netherlands). It is used for recreational purposes by the 
people of Utrecht, local residents and other visitors, as well as for dairy and fruit production (Komossa 
et al., 2019; Verhagen et al., 2018). Important landscape elements are open pastures, woody linear 
elements, orchards, the river beds of the meandering river “Kromme Rijn” and cultural heritage sites 
(Tieskens et al., 2018). The Vereinigte Mulde area (241 km², ca. 40.000 inhabitants) is located in 
Northwest Saxony (Germany). Large-scale farming systems exist, but 36.6% of the area is forested. The 
area is known for its unique biodiversity and its designated conservation zones (LfULG, 2008). 
Moreover, the area is used for local recreation, also by urban dwellers from the nearby city of Leipzig. 




Figure 4.1. The two case study areas and their location in Europe. Spatial data on land use was provided by 
the German Surveying Authorities and the Land Use Database of the Netherlands. 
 
4.2.2.  Data gathering 
Selection and indicators of ecosystem services 
We selected eleven ecosystem services of social, economic and environmental value within the two 
regions (Table 4.1). The services cover provisioning, regulating, cultural and supporting services. The 
selection was based on previous stakeholder workshops and expert knowledge from the TALE project 
(www.ufz.de/tale/, Holzkämper et al., 2018; Karner et al., 2019). The supply of all ecosystem services 
within the two case study areas was spatially modelled using selected indicators. We based the selection 
of these indicators on the criteria of Oudenhoven et al. (2018) and only chose the ones that are perceived 
as scientifically adequate, understandable and relevant for different stakeholder in the two landscapes, 
and that can be quantified for other times or in other areas (Oudenhoven et al., 2018). Required data to 
estimate these indicators was gathered from public databases and derived from different biophysical 
models. A full description of the relevance, definition and models of each ecosystem service can be 
found in the Appendix C. For further analyses, all ecosystem service indicators were converted to raster 









Table 4.1. Indicators used to assess the supply of ecosystem services. Ecosystem service categories (MA, 2005) 
and units are given. 
Vereinigte Mulde Kromme Rijn 
Ecosystem 
services 
Indicators used Ecosystem 
services 
Indicators used 
Provisioning ecosystem services 
1. Crop 
production 
Yields (dt/ha) of 15 crop types 
from the year 2017 (STLA, 
2017a, 2017b); Calorie 
content (kcal/dt) of those crop 
types (FAO, 2001) 
1. Crop 
production 
Yields (dt/ha) of 41 crop types 
(vegetables, cereals and strawberries), 
averaged for the years 2007-2016 
(CBS, 2019a, 2019b, 2017); Calorie 
content (kcal/dt) of those crop types 
(FAO, 2001)  
2. Timber 
production 
Timber harvest (m³/ha*a), 
averaged for the years 2002-
2012 for three forest types 
(coniferous, deciduous, 
mixed) (BWI, 2016) 
2. Timber 
production 
Timber harvest (m³/ha*a) for the years 
2006-2012 (NBI, 2012) 
3. Dairy 
production  
Soil fertility (1-5) of grassland 
areas (LfULG, 2015) 
3. Dairy 
production  
Total production of milk (€) based on 
the area of grassland, the amount of 
milk produced and the profits possible 




Water stored in the 
environment (mm) (Arnold et 
al., 2012; Strauch et al., 2017) 




Fruit profits per farm (kg), based on the 
pollination potential and potential crop 
production deficits (CBS, 2018; 
Heijerman-Peppelman and Roelofs, 
2010) 
Regulating ecosystem services 
5. Climate 
regulation  
Carbon stored below- and 
aboveground (MgC/ha) (BWI, 
2016; LfULG, 2015) 
6. Climate 
regulation  
Carbon sequestration, calculated as the 
change in carbon soil and biomass 
stocks (MgC/ha) (Schulp et al., 2008) 
6. Water 
retention* 
Water retention index (0-1) 
(Copernicus, 2015; MODIS, 
2016; Strauch et al., 2017) 
7. Pollination Crop visitation by insect 
pollinators (0-1) based on 
habitat suitability and floral 
resources (Schulp et al., 2014; 
Zulian et al., 2013) 
7. Pollination Crop visitation by insect pollinators (0-
1) based on habitat suitability and floral 
resources (Schulp et al., 2014; Zulian et 
al., 2013) 
 




Cultural ecosystem services 
8. Landscape 
aesthetics  
Aesthetic value (0-1) based on 
the hemeroby index, the 
heterogeneity of the landscape 
and the distance to water 




The amount of estimated picture 
uploads in the landscape (n) (Tieskens 
et al., 2018)  
9. Recreation Number of recreation points 
(e.g. castle, viewpoints) and 
foot or cycle ways within 
500m distance (n) (OSM, 
2019) 
9. Recreation Number of recreation points (e.g. 
castle, viewpoints), recreation areas 
(e.g. parks) and foot or cycle ways 
within 500m distance (n) (OSM, 2019) 
10. Tranquility Tranquility increase (0-1) with 
increasing distance to 
railways, major and secondary 
roads (OSM, 2019) 
10. Tranquility Inverse noise load as mapped for the 
Province of Utrecht in 2000 (Overheid, 
2006) 
Supporting ecosystem services 
11. Habitat 
quality 
Nesting quality based on 
predicted species distribution 
maps of 9 bird species (0-1) 
(Jungandreas et al., in review) 
11. Habitat 
quality 
Nesting quality for Newts (0-1) based 
on land cover/management maps and 
presence of hedges (Verhagen et al., 
2018) 
* Instead of water retention, another provisioning service, namely fruit production, was assessed in the Kromme 
Rijn case study (see Appendix C: C1.2). 
Identification of stakeholders and elicitation of weights for ecosystem services 
The selection of stakeholder groups was based on the previous identification of governance structures 
and stakeholders in the case study regions (Nitsch et al., 2017). Four groups of stakeholders were 
identified as relevant: 1. Farmers and foresters, 2. Environmental organizations, 3. Decision makers 
(local governments and sector-focused governmental organizations) and 4. Recreationists (including 
tourists and local recreationists). These cover all generic types of stakeholder groups identified in 
Turkelboom et al. (2018): influential users, context setters and non-influential users. We expected 
different interests in terms of land use objectives and a divergence of ecosystem service valuations 
between these groups. The sample of local farmers and foresters in the Vereinigte Mulde area also 
represents their main activities (dairy farming, organic farming, horse keeping, state forestry, private 
forestry) in the area. 
The representatives of the stakeholder groups ‘farmers and foresters’, ‘environmental organizations’ and 
‘decision makers’ are considered experts in their fields. We expected low variances of valuations and 
thus aimed to survey five representatives of these groups within each case study (Table 4.2). In the 
Kromme Rijn area, however, only two farmers, two representatives of environmental organizations and 
four decision makers could be surveyed. This was a result of their unwillingness to engage about 
environmental issues given strong debate about their impacts on biodiversity in policy in the summer 
2019. In order to guarantee comparability and to allow generalizations, we therefore merged the three 
groups into one group of ‘Land managers and context setters’ (n = 8). Varying levels of local knowledge 
and a higher within group variance regarding the ecosystem service valuation were expected for the 
recreationists. We therefore surveyed 50 recreationists in the Vereinigte Mulde area and 52 recreationists 




in the Kromme Rijn area. For the latter, however, only 47 responses could be used due to the incomplete 
answers of 5 participants. 
Table 4.2. Stakeholder groups and number of participants per group surveyed in the two case study areas. 
Case study area Stakeholder group 
Number of 
participants 
Vereinigte Mulde  
(n = 65) 
Farmers and foresters 5 
Environmental organizations 5 
Decision makers 5 
Recreationists 50 
Kromme Rijn  
(n = 55) 
Land managers and context setters (2 Farmers, 2 Environmental 




To ask the different stakeholder groups about the importance of selected ecosystem services, we 
employed STREAMLINE, a new survey methodology tool for community engagement and 
participatory research that can be tailored to the needs of individual research projects (Metzger et al., 
2018; www.streamline-research.com). It comprises a series of colourful laminated A3 canvases, which 
are designed to understand synergies and differences in future visions among different groups. Using 
publicly available materials on the STREAMLINE website (images, question set-ups) we developed 
three canvases to engage participants and to gather data in a relatively short period of time (Appendix 
C: Fig. C2). On the first canvas, respondents were presented a map of the area. They were asked to 
indicate their relationship to the area (e.g. visitor, resident, occupation, etc.) and to name in their own 
words a few ecosystem services important to them in the specific landscape. On the second canvas, the 
selection of eleven ecosystem services was presented to them and the participants were asked to indicate 
the level of importance of each ecosystem service from the perspective of their own well-being in that 
particular landscape. This was done using a five point Likert-scale ranging from very little to high 
importance (as in Schmidt et al., 2017 or Zoderer et al., 2019). On the last canvas, the participants 
recorded their demographic information (such as age, gender, occupation) and postal code. For 
participants that were unfamiliar with the ecosystem service concept, the term “landscape function” was 
used. Furthermore, if a respondent was not sure what a specific service was, a short explanation was 
provided by the interviewer.  
In both case study areas, recreationists were surveyed using a convenience sampling approach 
attempting to balance for representation of gender, age groups, recreational activities (Corbin and 
Strauss, 1990, Appendix C: Table C3: Data on recreationists). One or two interviewers were sampling 
at different locations and times within the area to cover the peri-urban gradients as well as diverse 
recreational settings. In the German site, surveys with recreationists were conducted at six locations on 
seven days spread between week and weekend days between April and July 2019. In the Dutch site, 
surveys with recreationists were conducted at four locations on five days, spread between week and 
weekend days between June and September 2019.  
4.2.3.  Data analysis 
Assessing and mapping unweighted multifunctionality 
A correlation analysis between all ecosystem service indicators was performed for both case study areas 
using the Spearman’s correlation coefficients r, to assess the number of trade-offs or synergies 
(significance level p = 0.01). Spearman’s correlation coefficients are widely used in ecosystem service 
assessments to measure the linear relationship between two ecosystem services (Lee and Lautenbach, 
2016). Trade-offs were classified as weak (r > -0.3), moderate (-0.5 < r < -0.3) or strong (r < -0.5), 




following Fagerholm et al. (2012). Likewise, synergies were classified as weak (r < 0.3), moderate (0.3 
< r < 0.5) or strong (r > 0.5) (see Appendix C: Fig. C4 and Table C4). 
For comparison, multifunctionality was first calculated for each raster cell (25m resolution) without 
taking into account the stakeholder weighting schemes. The Simpson Diversity Index (SDI, Simpson, 
1949) was applied to the unweighted ecosystem service indicators. Specifically, we used the ‘diversity’ 
function of the vegan package (Oksanen et al., 2013) in R (R Core Team, 2013). In comparison to other 
multifunctionality indicators, the SDI takes into account the proportional supplies as well as the number 
of ecosystem services. It thereby combines richness and abundance components (Hölting et al., 2019b). 





N=total number of ecosystem services considered; pi = the supply of each ecosystem service (i) 
proportionally to the supply of all ecosystem services in that area. 
In addition, multifunctionality was calculated at the landscape scale using the average of all 
multifunctionality values within each case study area. This resulted in one multifunctionality indicator 
per case study area, as in Manning et al. (2018).  
In order to analyse the spatial co-occurrence of multifunctionality and land use classes, 
multifunctionality was reclassified into five classes by quantiles and the proportion of each 
multifunctionality class per land use class was calculated for both case study areas. High resolution land 
use maps were available for both case studies, which were partly reclassified for this analysis (AdV, 
2010; Hazeu et al., 2010). As some of the ecosystem service indicators are partly based on land use, a 
sensitivity analysis was conducted to check whether the results based on the complete set of indicators 
are robust and non-endogenous. To this end, we recalculated multifunctionality by using only the 
ecosystem service indicators that are not based on land use. The absolute differences between the 
original and the sensitivity analyses of both case studies were calculated (Appendix C: Fig. C5.1). 
Evaluation of stakeholder surveys 
The average values of ecosystem service weightings per stakeholder group were used to obtain a 
weighting scheme for each stakeholder group. Paired samples t-tests were conducted to test for 
significant differences between the resulting weighting schemes. One-way analyses of variances 
(ANOVA) were used to identify statistically significant differences in ecosystem service valuations 
between the stakeholder groups. Since the groups were of different sizes, the ANOVAs were performed 
once for all expert groups (number of participants = 5 to 8) and once for the two recreationists groups 
(number of participants = 47 to 50). In addition, we calculated standard deviations of all ecosystem 
service weightings per stakeholder group. The sum of these standard deviations represents the total 
variance within each stakeholder group. Variances between the groups were calculated as the sum of the 
tandard deviations of two weighting schemes (Appendix C: Table C6.1, C6.2, C6.3). 
Assessing and mapping stakeholder weighted multifunctionality 
In the next step, multifunctionality was assessed by taking into account the weighting schemes. The 
ecosystem service indicators were multiplied by the stakeholder-derived weights, as visualized in Figure 
4.2 for four ecosystem services and two stakeholder groups only. Our method differs slightly from the 
one suggested by Manning et al. (2018) as our weighting factors do not reflect actual benefits, but the 
perceived importance of ecosystem services. However, the perceived importance can conceptually be 




linked to the demand for ecosystem services or to the potential benefits that stakeholders receive 
(Costanza et al., 2011; Wolff et al., 2015; Zoderer et al., 2019). 
Figure 4.2. Assessing stakeholder weighted multifunctionality (modified after Manning et al. 2018). The 
ecosystem service indicators (here food production, timber supply, habitat quality and recreation potential) are 
multiplied with the weighting factors of each stakeholder group, which reflect the importance of the ecosystem 
services to the stakeholder group. In this example, Group 1 highly values the recreational potential of the 
landscape, whereas Group 2 values food production the highest. The application of the weighting factors results 
in weighted ecosystem service indicators, which are then aggregated to multifunctionality indicators by the use of 
the SDI. (Icons designed by Freepik)  
The multifunctionality of weighted ecosystem services was then calculated for each stakeholder group 
and case study area (n = 6) in a spatially explicit way using the SDI. Additionally, landscape scale 
multifunctionality indicators were calculated for both case study areas and each stakeholder group (n = 
6), as described above. In order to compare the resulting maps, we used a method that evaluates their 
similarity on a scale between 0 (high similarity) to 1 (low similarity) (Map Comparison Statistics (MCS), 
Schulp et al., 2014). Hotspots of multifunctionality were defined by the upper 20% quantile of 
multifunctionality (similar to Stürck and Verburg, 2017) and the percentages of hotspot-overlap between 
weighted and unweighted multifunctionality maps were calculated. The spatial co-occurrence of land 
use classes and stakeholder weighted multifunctionality was assessed for both case study areas and each 
stakeholder group (n = 6), as described above. These results can be found in C5: Co-occurrence of land 
use and multifunctionality classes. 
All spatial and statistical analyses were performed using R version 3.4.2. ArcMap version 10.7 was 
partially used for mapping purposes.  
 
4.3. Results 
4.3.1.  Patterns of unweighted ecosystem multifunctionality 
The maps of unweighted multifunctionality (Fig. 4.3) clearly show where the diversity of ecosystem 
services provided within the landscapes is particularly high. In both landscapes, unweighted 
multifunctionality hotspots occurred primarily in forested areas. The Vereinigte Mulde is largely 
forested and a distinction is made between mixed, coniferous and deciduous forests, with mixed forests 
providing the greatest diversity of ecosystem services. The Kromme Rijn, on the other hand, has less 
forest, but a much higher proportion of grassland, where 20.5% of the multifunctionality hotspots are 
located. While grassland offers more hotspots than coldspots in both areas, the opposite is true for 
cropland. Both cropland and orchards in the Kromme Rijn provide more coldspots than hotspots of 
multifunctionality. Urban areas and watercourses in both areas also do not provide a significant diversity 
of ecosystem services. The sensitivity analyses for both case studies revealed some differences in the 
ranking of land use classes and the proportions of multifunctionality classes, which suggests some 
uncertainty in the results shown above. For the Vereinigte Mulde, the largest uncertainties were found 




for the land use classes ‘Water’, ‘Other’ and ‘Mixed forests’, where 10% of the multifunctionality 
classes were assigned differently compared to the results shown above (Appendix C: Fig. C5.1). The 
greatest uncertainties in the results of the Kromme Rijn case study are still in the land use classes 
‘Orchards’, ‘Water’ and ‘Urban’ with absolute differences of more than 15% of the assigned 
multifunctionality classes (Appendix C: Fig. C5.1).   
 
Figure 4.3. Patterns of unweighted multifunctionality and the co-occurrence with land use classes for both 
case study areas. Land use classes are depicted with the area percentages. “Other” in the Vereinigte Mulde 
includes “no vegetation”, “specialized crops”, “transport”, “wood”, “mining areas”, and “wetlands”. The colours 
depict multifunctionality classes, which are defined by five quantiles (Vereinigte Mulde: 0.000-0.823, 0.824-
0.838, 0.839-0.849, 0.850-0.859, 0.890-0.889; Kromme Rijn: 0.308-0.666, 0.667-0.711, 0.743-0.744, 0.777-0.776, 
0.870-0.867). Coordinates of the Universal Transverse Mercator (UTM) coordinate system are displayed. 
4.3.2. Trade-offs and synergies 
The majority of spatial correlations between ecosystem services in both case study areas were found to 
be moderate (see Appendix C: Table C4). Strong positive correlations existed only between a few 
ecosystem services (Vereinigte Mulde: timber production and climate regulation, landscape aesthetics 
and dairy production, landscape aesthetics and pollination; Kromme Rijn: timber production and habitat 
quality). Strong negative correlations existed only in the Vereinigte Mulde between timber and crop 
production, as well as timber production and water supply. All in all, the number of trade-offs in both 
case study areas almost corresponded to the number of synergies (Vereinigte Mulde: 28 trade-offs/27 
synergies, Kromme Rijn: 29 trade-offs/26 synergies). Most trade-offs were found between provisioning 
services and other service categories, while there were fewer trade-offs between regulating and cultural 
services. Habitat quality, the only supporting ecosystem service, was negatively correlated to most 




ecosystem services in the Vereinigte Mulde, but mostly positively correlated to other ecosystem services 
in the Kromme Rijn. 
 




Figure 4.4. Average weighting schemes per stakeholder group for the Vereinigte Mulde (upper four plots) 
and the Kromme Rijn (lower two plots). The case study and the number of stakeholders per group are given in 
brackets below the stakeholder groups’ names. Different colours were used to indicate the different ecosystem 
service categories (green = Provisioning services, blue = Regulating services, red = Cultural services, orange = 




Supporting services) as classified in the Millennium Ecosystem Assessment (MA, 2005). Water retention was 
assessed only in the Vereinigte Mulde. Fruit production was assessed only in the Kromme Rijn. 
The average weighting schemes varied between the different groups of stakeholders in both areas (Fig. 
4.4). Comparing the groups clearly revealed that all groups, with the exception of the farmers and 
foresters of the Vereinigte Mulde, had preferences for regulating, cultural and supporting ecosystem 
services and valued provisioning ecosystem services less. Especially crop, timber and dairy production 
were valued lower than other services, with weightings not exceeding 3.5, except for the group of 
farmers and foresters of the Vereinigte Mulde. Of all the groups, the weighting scheme of the farmers 
and foresters of the Vereinigte Mulde was the most “balanced”. They considered most of the services to 
be equally important. Their average weightings only varied between 4.0 and 4.8 with a standard 
deviation of 0.96 (Appendix C: Table C6.2).  
In the case of the Vereinigte Mulde, the paired t-tests showed that there are significant differences 
between the final weighting schemes of farmers/foresters and decision makers, farmers/foresters and 
environmental organizations, and recreationists and decision makers (p < 0.05, Appendix C: Table 
C6.1). The total variance within the groups was strongest for environmental organizations (10.67), less 
strong for recreationists (9.42) and decision makers (9.04) and low for farmers and foresters (7.70). In 
case of the Kromme Rijn, the final weighting schemes of the land manager and context setter and the 
recreationists were not significantly different from each other (p = 0.748). The within-group variance 
was higher among recreationists (11.34) than among land manager and context setter (9.55).  
The ANOVAs revealed whether the individual ecosystem service valuations differed significantly 
between the groups. In case of the smaller expert groups of both case studies (farmers/foresters, 
environmental organizations, decision makers, land managers/context setters), the ecosystem service 
valuations were quite similar (Appendix C: Table C6.2). The strongest differences between these groups 
were found for the valuations of timber production and landscape aesthetics. However, the significance 
value was low (p < 0.1). In case of the two recreationist groups, small differences existed for the 
valuations of climate regulation and landscape aesthetics (p < 0.1), but only one significant difference 
was found for the valuation of recreation potential (p < 0.001, Appendix C: Table C6.3). All group 
weightings, within- and between-group variances, the results of the t-tests and the ANOVAs can be 
found in the Appendix C (Table C6.1, C6.2 and C6.3).  
4.3.4. Patterns of stakeholder weighted ecosystem multifunctionality 
Different absolute values (i.e. landscape multifunctionality indicators) and divergent spatial patterns of 
multifunctionality hotspots were identified after applying the weightings schemes. In the Vereinigte 
Mulde, the landscape scale multifunctionality indicator was highest for farmers and foresters (0.821, 
Table 4.3), followed by recreationists (0.774) and environmental organizations (0.667). The lowest 
value of landscape multifunctionality was calculated for decision makers (0.435). The spatial patterns 
of stakeholder weighted multifunctionality, as shown in Figure 4.5a, also varied between the different 
groups. For farmers/ foresters and recreationists the hotspots of multifunctionality were more 
concentrated on certain parts of the landscape. For environmental organizations and decision makers 
hotspots were more wide-spread within the landscape. All in all, the stakeholder-specific hotspots 
largely overlapped with the hotspots of the unweighted multifunctionality map (Fig. 4.3), especially for 
farmers and foresters (71.9%). The least similarities were found between the maps weighted by decision-
makers and farmers and foresters (MCS = 0.39). The most similar maps were those resulting from the 
weightings of recreationists as well as farmers and foresters (MCS = 0.05).   
 





Figure 4.5a Stakeholder weighted multifunctionality hotspots, defined as the 80-100% quantile (red) in the 
Vereinigte Mulde area. UTM coordinates are displayed. 
In the Kromme Rijn, the assessments of stakeholder-weighted ecosystem multifunctionality hardly 
differed between groups, both in terms of multifunctionality indicators at the landscape scale and in 
terms of spatial patterns (Fig. 4.5b). Landscape-scale multifunctionality was slightly lower for 
recreationists (0.697) than for the land managers and context setters (0.712). The two resulting maps 
were highly similar (MCS: 0.053). The hotspots of multifunctionality identified for both groups tended 
to concentrate on the eastern parts of the study area. The percentage of overlap between weighted and 
unweighted multifunctionality hotspots was 64.3% for recreationists and 74.4% for land managers and 
context setters.  
 
Figure 4.5b. Stakeholder weighted multifunctionality hotspots, defined as the 80-100% quantile (red) in the 
Kromme Rijn area. UTM coordinates are displayed. 
Minor differences between the groups were found regarding the co-occurrence of land use classes and 
multifunctionality hot- and coldspots (Vereinigte Mulde: Appendix C: Fig. C5.2, Kromme Rijn: 
Appendix C: Fig. C5.3). In the case of the Vereinigte Mulde, decision makers stood out, because the 
highest proportion of hotspots was not assigned to mixed forests but to coniferous forests. Moreover, 




hotspots for decision makers also occurred in urban areas and water bodies, while there were no hotspots 
in these land use classes for all other groups in that area (Appendix C: Fig. C5.2). In the Kromme Rijn, 
hotspots for land managers or context setters and recreationists largely fell within the same land use 
classes. Minor differences between the groups were found for urban areas, water bodies and wetlands, 
where higher proportions of hotspots were found for recreationists (Appendix C: Fig. C5.3). 
Table 4.3. Comparison of multifunctionality maps of the Vereinigte Mulde and the Kromme Rijn, including 
a multifunctionality indicator at the landscape scale (calculated as the mean value of multifunctionality per 
landscape); the percentage of hotspot overlap between weighted and unweighted multifunctionality maps; and a 






















0.821 71.9% 0.013 - - - 
Environmental 
organizations 
0.667 40.4% 0.162 0.156 - - 
Decision 
makers 
0.435 26.8% 0.395 0.389 0.254 - 

















0.712 74.4% 0.034 - 
Recreationists 0.697 67.9% 0.051 0.053 
 
4.4. Discussion 
4.4.1.  Differences and similarities of stakeholders perspectives on multifunctionality 
The survey results of this study show that there are some differences between the stakeholder groups in 
both case study areas. Divergent valuations of ecosystem services can generally be explained by the 
different needs and interests of stakeholder groups (Chan et al., 2012; Turkelboom et al., 2018). Farmers, 
for example, rely on the economic returns of agricultural production and therefore attribute higher values 
to services such as crop, dairy or fruit production than other stakeholder groups, as shown in this study 
(Fig. 4.4). Environmental organizations, on the other hand, aim to preserve habitats, ecosystems and the 
services they provide. The environmental organizations of the Vereinigte Mulde thus valued habitat 
quality, pollination and climate regulation the highest. Decision makers attached great importance to the 
recreation potential, as they are likely interested in increasing the attractiveness of the area for tourists 
to strengthen the region's economy. Finally, the recreationists of both case study areas attached great 
importance to the recreation potential and other cultural ecosystem services, not for economic reasons, 
but to enjoy their leisure time.  
Deviations regarding the valuation of ecosystem services’ importance also existed within stakeholder 
groups, because personal experiences and self-interest shape individual values and interests in 
ecosystem services (Massenberg, 2019). In our case, the farmers and foresters were the group with the 




most common interests, while other groups had more diverging interests. The level of intra-group 
variance may also depend on the number of participants per group. In case of the Kromme Rijn, for 
example, we assume that the within group variance of the land managers and context setters would have 
been higher if more people had participated in the survey. Those who were willing to participate might 
be more likely to have a similar perception on nature than other potential respondents.  
While we found some differences between the groups, the statistical tests also showed that there was a 
large degree of agreement regarding valuations of individual services. Our results can therefore only 
partly confirm previous research, which suggest that stakeholder groups are associated with distinct 
ecosystem service demand bundles (Darvill and Lindo, 2015; Martín-López et al., 2012; Zoderer et al., 
2019). Moreover, the averaged weightings per stakeholder group were generally high, suggesting that 
all stakeholder groups recognize the value of maintaining multiple ecosystem services in a landscape 
and suggesting an awareness of the different land uses and the resulting goods and services (García-
Llorente et al., 2012). One reason for this shared appreciation of multifunctionality could be that the 
different stakeholders have been socialized within the same environment and culture, which has 
influenced and shaped common values and interests (Massenberg, 2019). For example, the two 
landscapes studied here are very well known as recreational areas and for providing natural habitats, but 
not necessarily for timber production. This perception is strongly communicated by society and reflected 
in our study results: both recreation potential and habitat quality were highly ranked by all stakeholder 
groups. The low level of social interest in timber production, on the other hand, was also reflected in 
our results. In contrast, people who grow up in different landscapes might be exposed to different values 
and might develop diverging interests in ecosystem services. This can be seen in our study by the 
evaluation of cultural ecosystem services: In the Kromme Rijn, landscape aesthetics was the more 
important cultural ecosystem service, while in the Vereinigte Mulde recreation itself was valued higher. 
Regarding the perception of trade-offs and synergies, Plieninger et al. (2019) found that residents of 
rural agricultural landscapes perceive ecosystem services as mostly synergistic and that important trade-
offs are often not recognized in socio-cultural valuations. In our study, we also found that stakeholders 
generally attached high values to many ecosystem services. Especially regulating and cultural ecosystem 
services, which were mainly synergetic in both landscapes, were considered as equally important. 
However, the relatively lower valuation of provisioning services suggests that there is an awareness of 
the trade-offs that existed primarily between provisioning and other ecosystem services (Lee and 
Lautenbach, 2016). 
4.4.2.  Assessing multifunctionality: with and without stakeholder weights 
The results of the unweighted multifunctionality assessments largely coincided with those of other 
multifunctionality studies: a high diversity of ecosystem services was found in land use types that are 
used less intensively in our study regions, such as mixed forests and grasslands (e.g. Allan et al., 2015; 
Felipe-Lucia et al., 2014; Hölting et al., 2019b; Rodríguez-Loinaz et al., 2015); synergies were identified 
primarily between regulating and cultural ecosystem services, while trade-offs existed mainly between 
provisioning services and other service categories (e.g. Queiroz et al., 2015; Rodríguez-Loinaz et al., 
2015). The application of the weighting schemes enabled a differentiation between stakeholders in terms 
of how much and where they benefit from ecosystem multifunctionality. For example, the greatest 
differences were found between decision-makers and farmers or foresters in the Vereinigte Mulde, with 
farmers and foresters receiving greater overall benefits from the landscape than the group of decision-
makers. We conclude that the supply of ecosystem services better matched their demand for ecosystem 
services, especially in the North-Eastern part of the study region where multifunctionality hotspots were 
identified for this group of stakeholders. Stakeholder-weighted multifunctionality maps therefore 
contribute to a better understanding of which areas are particularly important for certain actors in a 




landscape. A differentiation of multifunctionality indicators, as suggested by Manning et al (2018), is 
therefore particularly useful, when spatial data on ecosystem services is available and spatial mismatches 
can be identified. The application of multifunctionality indicators at landscape level, on the other hand, 
is particularly interesting when different landscapes are compared for the same stakeholder groups or 
when different scenarios (e.g. management regimes) of a landscape are compared, which has not been 
the focus of this study (but see Manning et al., 2018).  
4.4.3.  Implications of this study 
Identifying stakeholder-weighted multifunctionality hotspots has two important implications. First, it is 
relevant for landscape planning. Areas that are important for a wide range of stakeholders can be selected 
as priority areas for the conservation of ecosystem services (O’Farrell and Anderson, 2010; Raudsepp-
Hearne et al., 2010). We found that land use systems that are generally less intensively used, such as 
mixed forests and grasslands, were benefit hotspots for all stakeholder groups. Conserving ecosystem 
services in these areas should therefore be a priority management aim. Landscape changes that may have 
a negative impact on ecosystem services (e.g. road construction) should be avoided here in order to 
maintain benefits for a wide range of stakeholders. 
Second, comparing the spatial patterns of stakeholder-weighted multifunctionality maps is important for 
managing potential land use conflicts (Darvill and Lindo, 2015; de Groot, 2006). When hotspot areas 
overlap but stakeholders prioritize different ecosystem services, land use conflicts may occur. In this 
study, we found a particularly strong overlap between the multifunctionality hotspots identified for 
recreationists and farmers or foresters of the Vereinigte Mulde who valued individual ecosystem 
services differently. Their diverging and potentially contradictory ideas about land use in these areas 
(e.g. recreationists using the forests to enjoy tranquility and foresters using them to produce timber) 
could end up in an exemplary conflict over the use of ecosystem services for which solutions must be 
found locally.  
Due to the fact that there was a high degree of agreement between the stakeholder weighting schemes, 
the final multifunctionality maps showed great similarities. It was therefore quite difficult to pinpoint 
areas where people benefit more than others, or to identify areas where conflicts between stakeholders 
could arise. Participatory mapping approaches and complementary qualitative methods could enable a 
deeper understanding of potential areas of benefit or conflict (Chan et al., 2012; Fagerholm et al., 2012; 
Karimi and Brown, 2017; Riechers et al., 2017). While in our study the differences between stakeholder 
groups were small, we expect more explicit differences between stakeholders’ valuations of ecosystem 
services in larger areas, which are shaped by various cultures and values, and in less multifunctional 
landscapes, where people are less aware of the multiple benefits that nature provides (Vos and Meekes, 




Differentiating between multiple beneficiaries in landscapes is a useful strategy to take account of 
diverging interests that could potentially lead to land use conflicts that compromise sustainability goals. 
The identification of stakeholder-specific multifunctionality hotspots is thus relevant for planning and 
decision-making. Here we have also shown that the added value of multifunctionality is widely 
recognized by multiple stakeholder groups and that multifunctionality can be declared a common goal. 
Our findings apply to a variety of cultural landscapes in Central and Western Europe, especially those 
which are accessible and agriculturally productive (Schulp et al., 2019). These landscapes have been 




shaped by humans throughout history and are valued by society for the diversity of ecosystem service 
they provide (Vos and Meekes, 1999). Many cultural and multifunctional landscapes are now at risk of 
losing important ecosystem services (Schulp et al., 2019; van Berkel and Verburg, 2014). We conclude 
that the most important way to preserve the value of landscapes for a wide range of stakeholders is to 
raise general awareness of environmental goods and services. Non-influential stakeholder groups, non-
marketable and intangible ecosystem services should no longer be overlooked. Instead, landscape 
management plans are needed that balance interests and focus on the protection of common goods (i.e. 
cultural and natural resources accessible to all members of society).  
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5.1. Main contributions of this thesis 
The implementation of multifunctionality at the landscape scale is regarded as an important step towards 
sustainable land use and increased socio-ecological resilience (de Groot, 2006; O’Farrell and Anderson, 
2010). Quantitative assessments of multifunctionality should bundle the knowledge of natural and social 
sciences and appear to be a powerful tool to support landscape planning and decision-making 
(Wiggering et al., 2003). So far, however, there have been challenges in assessing multifunctionality 
that prevented effective implementation, as described in Chapter 1.4 of the introduction. The motivation 
for this thesis was to close existing gaps in knowledge when assessing multifunctionality and to provide 
novel conceptual and empirical insights on landscape multifunctionality that are relevant for 
environmental planning and management. The following provides a brief summary of the main results 
collected in Chapters 2, 3 and 4:  
Chapter 2: The study presents the first quantitative literature review of multifunctionality 
assessments. The review was designed to analyze how multifunctionality is conceptualized, 
characterized and quantified in scientific publications, in order to overcome remaining conceptual and 
methodological ambiguities. 101 studies were reviewed, all of them using quantitative methods to assess 
multifunctionality of landscapes or ecosystems. The studies were divided in ecosystem service- or 
ecosystem function-based multifunctionality studies and I specifically analyzed the aggregation 
methods, the spatial scale of the case studies, the consideration of interactions among ecosystem 
functions or services, as well as the approaches used to involve stakeholders. In this study, I was able to 
prove conceptual and methodological differences between the two lines of research: Ecosystem 
function-based studies primarily used the averaging and threshold approaches and focused on ecological 
variables. Ecosystem service-based studies differ greatly in this regard, as they mainly applied the sum, 
the discrete thresholds approach and diversity indices to calculate multifunctionality. Moreover, the 
ecosystem service-based studies used both ecological and socio-economic variables and captured 
provisioning, regulating, cultural and supporting ecosystem services in a balanced way. Based on the 
findings from this review study, I was able to present the strengths and limitations of current 
approaches to assess multifunctionality and to provide guidance and recommendations for future 
research and multifunctionality assessments.  
Chapter 3: The study presents an assessment of multifunctionality across two spatial scales. As 
explained in the introduction chapter 1.4, the capacity of a landscape to supply ecosystem services varies 
across landscapes and accounting for this spatial variability remains a challenge in multifunctionality 
assessments. In order to overcome this challenge, I have developed a novel approach of measuring 
multifunctionality across spatial scales by transferring spatial indicators from biodiversity research to 
ecosystem service research. I used a European-wide dataset of 18 ecosystem services and calculated 





multifunctionality). In a second step, I calculated a new measure for multifunctionality (i.e. beta-
multifunctionality) that captures the unique contribution of each municipality to regional ecosystem 
service diversity. By linking alpha- and beta-multifunctionality to land system archetypes across Europe, 
I was able to show that municipalities in low-intensity management systems generally had a high 
ecosystem service diversity and additionally contributed significantly to regional 
multifunctionality. However, a high share of those municipalities in more intensely used or urban built-
up areas also contributed significantly to regional multifunctionality, although they supplied less diverse 
sets of ecosystem services. In conclusion, unique ecosystem service contributions of municipalities to 
larger regions need to be rewarded and considered in land use decisions, especially when maximizing 
ecosystem service supply at the municipality scale is not reasonable. While in this study, I investigated 
spatial patterns of ecosystem service supplies between municipalities and regions, the novel method 
to measure both alpha- and beta-multifunctionality can also be applied at other spatial scales.  
Chapter 4: This is the first study that examines different perspectives of local stakeholders on 
landscape multifunctionality in a spatially explicit way. Specifically, I used two European cultural 
landscapes as case studies and calculated multifunctionality on the basis of eleven ecosystem services. 
I further assessed the importance of these services to farmer and foresters, environmental 
organizations, recreationists and local decision-makers through surveys. By including the weighting 
schemes of the local stakeholder groups in assessments of multifunctionality, I derived landscape scale 
multifunctionality indicators, as well as spatially explicit maps of multifunctionality, of which the latter 
are recommended as particularly useful for future studies. While some divergent interests in ecosystem 
services between the groups were revealed, I mainly found great similarities between stakeholders’ 
valuations of ecosystem services and resulting hotspots of multifunctionality. Although our results are 
somewhat limited due to the low number of respondents in the case studies, in combination with the 
findings of other studies, I conclude that the stakeholder groups generally appreciated the 
multifunctionality of the two landscapes and that a loss of ecosystem services will impact the benefits 
of a wide range of local stakeholders. Our results are therefore representative for cultural, peri-urban 
and thus multifunctional landscapes throughout Europe that developed under the influence of people 
and nature, but now undergo rapid land use changes, such as processes of peri-urbanization and 
fragmentation. 
In the following, I will synthesize the main findings, discuss in which way this thesis contributes new 
knowledge to the scientific community (Sections 5.2 and 5.3) and also highlight the main challenges of 
this dissertation (Section 5.4). Moreover, I will outline prospects for future research (Section 5.5) that 
can be deduced from my dissertation thesis and provide my conclusions of this thesis work regarding 
the management implications and recommendations to increase landscape multifunctionality. 
 
5.2. On the use and development of multifunctionality indicators 
Environmental indicators, such as ecosystem service or multifunctionality indicators, play an important 
role in the evaluation and communication of environmental conditions and changes, and in the setting 
of environmental goals (Heink and Kowarik, 2010). The development of ecosystem service indicators, 
for example, was a politically demand in the context of Action 5 of the EU Biodiversity Strategy 2020. 
It requires all Member States to map and assess ecosystem services in order to evaluate the state of 
European ecosystems (Maes et al., 2014). Consequently, much work has been done towards a more 
standardized methodology for developing indicators for ecosystem services (Albert et al., 2016; Maes 
et al., 2014, Oudenhoven et al., 2018). With regard to multifunctionality indicators – which were the 





greater uncertainty about what they actually represent. The question therefore arose whether specific 
guidelines for the development of multifunctionality indicators are needed to increase the comparability 
between studies and to enhance the potential use of the indicators (Mastrangelo et al., 2014). In the 
context of this thesis I have therefore identified four steps that are common to all multifunctionality 
assessments. They are presented below together and together provide a very general framework for the 
development of multifunctionality indicators. 
1: Definition of the study system: The definition of the study system includes a specification of the 
study area and a differentiation between purely ecological systems that assess ecosystem functions at 
scales of a specific ecosystem (i.e. ecosystem function-based multifunctionality) and socio-ecological 
systems that assess ecosystem services at the landscape scale (i.e. ecosystem service-based 
multifunctionality), as suggested by Manning et al. (2018). A clear distinction between studies with an 
exclusively ecological focus and studies with a more integrated socio-ecological perspective is needed 
to strengthen the application of the multifunctionality concept (Hölting et al., 2019a; Manning et al., 
2018).  
2: Selection of relevant variables at relevant spatial scales: The selection of variables in 
multifunctionality assessments needs to be research- and location-specific. General recommendations 
for the selection of ecosystem service indicators for example exist for Europe’s main ecosystem types: 
agricultural, forest, freshwater and marine ecosystems (Maes et al., 2014). The selection is based on the 
Common International Classification of Ecosystem Services (CICES) and was collaboratively developd 
by a working group of the European Union and the Member States (Maes et al., 2014). Moreover, the 
selected services should comply with the multifunctionality interpretation and definition of local 
stakeholders (Hölting et al.; 2019c, Hölting et al.; 2020). A location-specific definition and assessments 
of multifunctionality will enable a better uptake in local decision-making. 
3: Standardization of the variables and analyses of trade-offs and synergies:  In order to calculate 
multifunctionality, ecosystem services have to be standardized to the same scale. Moreover, a correlation 
analysis should be carried out to examine potential trade-offs and synergies between ecosystem services. 
While such correlation analyses are not a primary aim of multifunctionality assessments, knowing how 
different services interact will provide important information that could be relevant to make decisions 
for or against the promotion of certain services (Cord et al., 2017a; Turkelboom et al., 2018). 
4: Selection of the aggregation method in accordance to the research question: There is no single 
best metric for calculating multifunctionality. Instead, the choice of the aggregation method depends on 
the specific research question. Nevertheless, as discussed in Chapter 2 and summarized in Chapter 3 
(Box 3.1), richness indicators only provide information on the number of ecosystem functions or 
services (Hölting et al., 2019a, 2019c). In ecosystem service studies, it is however highly relevant to 
account for the amount of ecosystem services supplied. While the average, sum or threshold approaches 
deoict the supply levels of multiple services, they do not capture the important difference between the 
provision of a few services with high supplies and the provision of many services with low supplies. 
Diversity indicators, on the other hand, are able to capture this difference by combining richness and 
abundance components. Studying the diversity of ecosystem service supplies was therefore most useful 
for our case studies and can be recommended for further ecosystem service-based assessments. 
While these four steps provide a very general framework for the development of multifunctionality 
indicators, I would like to emphasize once again that multifuncitonality must always be defined and 
assessed according to the specific study system and research context. In my opinion, there are no 
“blueprints” for the development of multifunctionality indicators. Instead, any multifunctionality 





multifunctionality can then be considered important tools to answer current research questions in 
landscape ecology and to inform decision making. Indeed, the first chapter of this dissertation showed 
that multifunctionality assessments address many different research questions with different types of 
applications (Hölting et al.; 2019a). In the following section, the applicability of the new approaches to 
assess multifunctionality is discussed. Further conclusions on the use of multifunctionality indicators 
can be found in sections 5.5 and 5.6. 
 
5.3. Applicability of the new approaches to assess multifunctionality 
While the first article of this dissertation focused on conceptual and methodological uncertainties related 
to quantitative multifunctionality assessments in general, the second and third study were carried out to 
test new approaches that potentially provide new insights on landscape multifunctionality that are 
relevant for environmental planning and management. By presenting these approaches, I also aimed at 
initiating debates that broaden our current perspective on landscape multifunctionality. In the following, 
I will shortly discuss their applicability and why both approaches are important for discussing the merit 
of increasing multifunctionality (as set out in Chapter 1.4 of the introduction). 
Measuring ecosystem multifunctionality across scales 
The landscape scale has often been described as an important scale to assess and implement 
multifunctionality (Mastrangelo et al., 2014; Rodríguez-Loinaz et al., 2015). However, ecosystem 
service supplies as well as the demand for services vary within and across different landscapes (Balzan 
et al., 2018; Birkhofer et al., 2018; Laterra et al., 2012; Le Clec’h et al., 2019; Stürck and Verburg, 2017) 
and it is not possible to maximize the supply of ecosystem services everywhere (see Chapter 1.4; Cord 
et al., 2017a; Turkelboom et al., 2018). Instead of aiming for the same level of multifunctionality in all 
landscapes, viable solutions have to found that help to ensure that the supply of ecosystem services 
matches the demand. Our approach to assess alpha- and beta-multifunctionality contributes to the 
common assessments of multifunctionality in this regard. Smaller areas are identified that contribute 
unique ecosystem services to the multifunctionality at higher spatial scales (Hölting et al., 2019c). The 
underlying assumption in this approach is that the ecosystem services have to be accessible within that 
higher spatial scale. Especially in areas where maximizing the supply of ecosystem services is not 
possible or reasonable, beta-multifunctionality can serve as an indicator for the conservation value of 
smaller areas that are not considered multifunctional per se. Within Chapter 3, I also discussed some 
practical applications of the method, as well as options to use this method at other spatial scales (Chapter 
3.4.). Practical applications include the fiscal distribution at the national level, where financial support 
could be given to those municipalities that conserve ecosystem services which are important for the 
whole country but only supplied in certain areas (Ring, 2002; Santos et al., 2015). Another practical 
application would be the identification of plots or fields within a landscape that provide unique 
ecosystem services and which should therefore be protected against agricultural expansion or urban 
sprawl.  
Including stakeholders’ perspectives on ecosystem services in multifunctionality assessments 
A better integration of stakeholders has generally been identified as an important way to increase the 
legitimacy of ecosystem service assessments, especially if the aim of the studies is to find practical 
management recommendations for specific case studies (Oudenhoven et al., 2018; Seppelt et al., 2011). 
In regard of multifunctionality studies in specific, Mastrangelo et al. (2014) has called for more 
“socially-relevant multifunctionality” studies, where stakeholders are involved in different steps of the 





planning scenarios. Moreover, it was revealed in Chapter 2 of this dissertation that, so far, only one third 
of the quantitative ecosystem service-based multifunctionality assessments involved stakeholders 
(Hölting et al., 2019a). Investigating stakeholders’ perspectives on multifunctionality by including their 
valuations of ecosystem services in the assessments, can be regarded as one practical application of how 
to involve stakeholders (Hölting et al., 2020). In addition, the approach tested in Chapter 4 contributes 
to the improvement of previous multifunctionality assessments, where no distinction was made between 
stakeholders' perspectives on multifunctionality. By using the method suggested by Manning et al. 
(2018), I was able to show how stakeholder groups benefit differently from landscape multifunctionality.  
The valuation of ecosystem services’ importance was done by the use of a Likert scale from 1 to 5 (1 = 
low importance, 5 = high importance), which is a simple and straight forward approach that has been 
used by many other studies (Felipe-Lucia et al., 2015; Maestre-Andrés et al., 2016; Schmidt et al., 2017; 
Zoderer et al., 2019). For further applications, I suggest using the same approach, especially when many 
participants can be surveyed in a rather short period of time. However, discrepancies exist between the 
stated importance of ecosystem services and the actual benefits that people obtain from ecosystem 
services (Schröter et al., 2020; Villamagna et al., 2013). Other methods could thus be used that better 
reveal actual importance, actual benefits or the actual willingness to implement measures for ecosystem 
service conservation. Moreover, as the differences between the stakeholder groups were only small, I 
suggest investigating stakeholders’ perspectives on multifunctionality again in less multifunctional or 
larger areas, where stakeholders might have more conflicting views on landscapes and land use (Hölting 
et al., 2020).  
 
5.4. Challenges and limitations of this thesis 
A variety of methods and assumptions were used for the three research articles, whose main challenges 
and limitations are described and discussed here:  
 Defining multifunctionality. Because multifunctionality is defined in many different ways, 
grasping and synthesizing the large variety of conceptualizations was one of the challenges in this 
dissertation. First of all, a classification of conceptualizations was needed to evaluate whether 
different interpretations of multifunctionality result in different operationalization (Chapter 2). I 
used the broad division of Manning et al. (2018) into ecosystem function- and ecosystem service-
based studies in combination with five sub-classes suggested by Brandt and Vejre (2004). While 
this allowed a higher level of differentiation, any grouping of the studies is subjective, not all-
inclusive and leads to a loss of the subtle differences between the definitions of multifunctionality. 
In the third chapter, I used a pre-defined set of ecosystem services that were compiled in a European 
assessment (Maes et al., 2014). I assumed that all ecosystem services are relevant for society within 
the specific NUTS3 regions. However, it is quite clear that the demand and importance of ecosystem 
services varies across nations and regions within Europe. The definition of multifunctionality in this 
chapter is thus not much location specific or demand oriented. Moreover, by calculating beta-
multifunctionality, I assumed that ecosystem services that are produced within the municipalities of 
one NUTS3 region can provide benefits for those who live within that region. However, it is not 
clear whether the ecosystem services are actually accessible for all within each NUTS3 region. In 
the fourth chapter, ecosystem services were chosen that were previously discussed with and 
identified as important by stakeholders of a research project that took place within the same region 
(i.e. TALE). However, the focus of those stakeholder workshops was not on multifunctionality 
specifically and it focused on a larger study area. A new workshop could thus have resulted in a 






 Data quality. The quantitative literature review includes only English literature and peer-reviewed 
studies and is thus spatially biased towards high-income countries. More than two thirds of the 
reviewed articles were conducted in Europe, with Italy, Germany, Spain and the UK accounting for 
more than 25% of all studies. Following the review by Seppelt et al. (2011), I expect that a different 
set of ecosystem services would have been selected in ecosystem service-based multifunctionality 
studies of other countries. Likewise, stakeholder integration, the methods used to assess ecosystem 
functions and services or the extent of case study regions might be different in other regions of the 
world. The calculations of multifunctionality in the third chapter of this dissertation base on a 
European assessment of ecosystem services for which each Member State of the European Union 
had to report data (Maes et al., 2014). The dataset is thus a collection of various sources (officially 
reported statistics, observations from remote sensing, models results or combinations from these 
sources) at different spatial resolutions. Specific limitations of the dataset (as described in the 
Supplementary Material of Hölting et al., 2019b) include the downscaling of ecosystem services 
indicators to report them on one common spatial resolution (i.e. LAU2). Within the fourth chapter, 
my aim was to map eleven ecosystem services in two cultural landscapes in order to present 
multifunctionality. However, it was quite challenging to find indicators that present all ecosystem 
services in an adequate way. I gathered data from different public databases, consulted other 
ecosystem service researchers and finally used rather broad proxies and different biophysical models 
for the ecosystem service indicators. Each of them could be further developed for subsequent 
projects. 
 
 Surveys. The main limitation in the third study was that we were only able to survey a limited 
number of people. Especially in the Kromme Rijn area, we did not succeed in surveying as many 
stakeholders as we aimed for. The results are thus limited to the valuations of the few participants 
and I might have detected higher differences between the stakeholder groups with more participants. 
Moreover, we have asked the participants to value the importance that ecosystem services have to 
them. While I assumed their capability to value the importance of each ecosystem service, previous 
studies discuss that people might not be able to fully evaluate and judge the importance of these 
complex and rather unfamiliar “ecosystem services” (Schröter et al., 2020). The valuations of 
ecosystem services importance that we surveyed within our case studies might further be in strong 
bias with the situation of the assessment (e.g. the location, timing and setting of the surveys). 
Moreover, stated preferences for ecosystem services, as surveyed here, are often seen only as crude 
proxies for actual preferences (Villamagna et al., 2013). 
 
5.5. Prospects for future research 
The state of the art to assess multifunctionality can be described as follows: Multifunctionality is 
commonly assessed as the supply of multiple ecosystem functions or services. While ecosystem service-
based approaches aim to assess socially-relevant ecosystem services within socio-ecological systems 
and to relate multifunctionality to aspects of human well-being, ecosystem function-based approaches 
focus on specific types of ecosystems and mostly study the relation between multifunctionality and 
biodiversity. Different methods are used to aggregate ecosystem functions or services into 
multifunctionality indicators and the assessments can be either non-spatial or spatially explicit to provide 
maps of multifunctionality. My proposed way forward to assess ecosystem service-based 
multifunctionality includes that each assessment requires a clear definition of multifunctionality and 
the services that are assessed. As different aspects of multifunctionality are important for people’s well-





ecosystem services must however be regarded as important by society, including influential and non-
influential groups of stakeholders. Different groups of stakeholders should therefore be approached for 
the selection and valuation of ecosystem services in multifunctionality assessments. As people perceive 
landscapes as one spatial unit that is part of their cultural environment (Kienast et al., 2007), I 
recommend to assess multifunctionality at landscape scales, but also to consider cross-scale interactions 
(i.e. ecosystem service flows or unique contributions of landscapes to other areas). Different 
multifunctionality indicators can be used to calculate the level of multifunctionality, but the diversity 
indicators are recommended as they present high multifunctionality as the high supply of a diverse set 
of ecosystem services. While studies in landscape ecology often focus on describing spatial patterns and 
analyzing biophysical drivers of these patterns, more studies are needed that focus on the linkages 
between human land use and multifunctionality (Fig. 1.1). Ecosystem service-based multifunctionality 
assessments are therefore strong tools with high relevance for management and decision-making 
when tailored towards answering specific management questions (sensu Lautenbach et al., 2019). The 
focus of the studies needs to go beyond the identification of hotspots of rather randomly defined 
ecosystem services, towards giving recommendation for increasing demand-oriented supplies of 
ecosystem services within the specific case studies and at specific spatial scales. Truly transdisciplinary 
approaches are needed, stakeholders need to be integrated in the design of the studies and social science 
methods need to be more integrated to enable the studies to reach their full potential. 
Specific recommendations for future studies: 
 Multifunctionality and land management: Multifunctionality indicators can be related to place-
specific management types and practices, in order to show which management types and practices 
work well for maintaining a high diversity of ecosystem services. Früh-Müller et al. (2017), for 
example, showed how agri-environmental measures, organic agricultural production or Natura 2000 
sites are related to increased multifunctionality in two counties of the Federal State of Hesse, 
Germany, by the means of spatial overlap analyses. For example, a concrete result of studies on 
multifunctionality and land management would be the identification of economically and ecological 
effective agri-environental measures that maintain ecosystem service diversity in a specific 
landscape. Similar studies already exist for biodiversity conservation measures (Gerling et al., 2019; 
Sturm et al., 2018), but lack in ecosystem service research. 
 
 Multifunctionality and human well-being: More research is needed on the link between 
multifunctionality and human well-being. Investigating the level of the use of these services, 
people’s demand for ecosystem services and the distribution of benefits among different 
stakeholders needs to be put into the foreground of this research (Mastrangelo et al., 2014; Plieninger 
et al., 2019). Assessments of spatial mismatches between ecosystem service providing and 
benefitting areas can further provide management relevant information on whether demand fits to 
the supply or whether negative externalities are produced (Liu et al., 2016; Schröter et al., 2018). 
Moreover, studies should consider different components of human well-being (e.g. access to 
services, tranquility, socio-economic factors) to really be able to make statements about 
multifunctionality and human well-being (Fagerholm et al., 2019).   
 
 Monitoring multifunctionality: Instead of assessing multifunctionality at a single point in time, a 
monitoring over time could provide a sound knowledge base for management decisions. In this way, 
the implementation success of environmental measures to protect ecosystem services and maintain 
multifunctionality could be controlled more effectively. Moreover, drivers of multifunctionality 
could be identified more accurately (e.g. using the Driving forces – Pressures – States – Impacts – 





example, analyzed the historic dynamics in ecosystem service bundles over 35 years and explained 
how these changes were driven by policy, biophysical, and socioeconomic characteristics. More 
studies on long-term changes in ecosystem service supply and multifunctionality as a whole are 
needed to ensure a long-term conservation success. 
 
5.6. Conclusions 
In order to maintain the services that nature provides to us and future generations, we have to rethink 
today’s land use and initiate changes towards a more sustainable use of nature (IPBES, 2019). 
Assessments of ecosystem services have already effectively stimulated reflections upon 
multifunctionality of landscapes, as well as the need to take action in order to maintain it. Quantitative 
multifunctionality assessments can be used in various ways to answer current research questions in 
landscape ecology and thus to support the maintenance of ecosystem services in cultural landscapes. 
This dissertation has helped to clarify conceptual and methodological questions regarding the concept 
of multifunctionality and to test two new assessment approaches that could increase the relevance of the 
assessments for land management. Further development and specific applications are needed for 
multifunctionality assessments to work as strong tools for management and decision-making.  
Finally, it is challenging to find ‘optimal’ multifunctional landscape solutions. The design of 
multifunctional landscapes must always be area- and context-specific, as there is a differend supply and 
demand of ecosystem services in different landscapes. However, there are already a few promising 
examples of how to increase multifunctionality (e.g. increase of green space in urban areas, employment 
of agroforestry and sustainable intensification practices, and financial support systems to increase 
landscape structure and biodiversity; Foley et al., 2005). In the third and fourth chapter of this 
dissertation, I have proven that multifunctionality is often promoted by less intensive management 
systems (i.e. grasslands, mixed forests, fallow farmland). Also, there is scientific evidence that 
landscapes with higher biodiversity (Cardinale et al., 2012; Soliveres et al., 2016), a high number of 
different land use types and landscape elements (Birkhofer et al., 2018) or more traditional land use 
forms (e.g. vinyards; Winkler et al., 2017) provide more diverse sets of ecosystem services. As stated in 
the last section, more research on multifunctionality and land management, as well as multifunctionality 
and human well-being is needed to find economic and ecologically effective measures that increase 
multifunctionality for a wide range of stakeholders. The monitoring of ecosystems and the services they 
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10.1. Appendix A: Supplementary Material to Chapter 2 
Table A1: Assessment criteria for the paper analysis, their explanations or categories used for each 
assessment criteria. 
Assessment criteria Explanation and categories  
Publication year years until 2017 
Research location countries 
Research discipline 1. Agricultural management, 2. Landscape planning, 3. Ecology and Soil science, 
4. Urban and rural development, 5. Forestry, 6. Other 
Study type 1. Reviews, 2. Geospatial analysis (spatial analysis, secondary data analysis), 3. 
Experimental studies (field or laboratory studies), 4. Surveys, 5. Models 
(scenarios and simulations), 6. Economic and policy analyses (economic 




Number of  ecosystem 
functions and services 
without categories 
Term for ecosystem functions 
and services 
without categories 
Type of ecosystem functions 
and services 
ecological, socio-economic 
Ecosystem service category 
(MEA 2005) 
1. Provisioning, 2. Regulating, 3. Cultural, 4. Supporting 
Accounting for interactions 
between ES/EF 
1. Correlation analysis, 2. Descriptive methods, 3. Other methods 
Data source  1. Primary data (field experiments, lab experiments, questionnaires, remote 
sensing, surveyed farm data), 
2. Secondary data (administrative data, secondary spatial data, databases, expert 
knowledge, meta-analysis, literature) 
Assessment method for 
functions and services 
1. Microscale experiments/samplings, 2. Plot/field observations, 3. 
Municipality/farm scale observations, 4. Regional observations (administrative 
units), 5. High resolution maps, 6. Grid cells/land cover maps, 7. Other 
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MF indicator 1. Averaging approach, 2. Sum, 3. Discrete threshold(s), 4. Continuous 
thresholds, 5. Other 
Spatial extent 1. Microscale, 2. Local, 3. Landscape, 4. Regional, 5. National, 6. Multinational, 
7. Global 
Stakeholder involvement 1. None, 2. Indicator selection, 3. Indicator valuation, 4. Scenario planning 
 
Table A2: All terms that were used as variables for the quantitative assessment of multifunctionality 
and the number of publications that used these terms. 
Term Publications 
Ecosystem function 36 
Ecosystem service 25 
EF and ES 1 
Functions 10 
Agricultural functions 1 
Farm functions 1 
Forest functions 1 
Landscape function 6 
Soil functions 1 
Landscape services 2 
Ecological processes 1 
Ecosystem processes 6 
Ecosystem properties 1 
Ecosystem goods and services 1 
Benefits 1 
Appendix A: Supplementary Material to Chapter 2 
87 
 
Multifunctionality indicators 1 
Rural development options 1 
Soil variables 2 
Enzyme activities 1 
Enzyme functions 2 
Total 101 
 
Table A3: Primary or secondary data: The data used for the assessments of ecosystem functions and 
services was either primary or secondary data. 
 Type of data Number of publications 
Primary data sources 
69% 
Field experiment 45 
Remote sensing data 12 
Laboratory experiment 6 
Questionnaires 6 
Surveyed farm data 2 
Secondary data sources 
31% 
Secondary administrative data 16 
Secondary spatial data 9 
Expert knowledge 3 
Meta-analysis 2 
Database 1 
Modeled data 1 
 Total 103* 
*103 publications, because two publications had two different types of data 
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Table A4: Spatial extent of the MF assessments and assessment methods for ecosystem functions and 
services: Table A4 presents the different assessment methods that were used to assess ecosystem 
functions and services and their distribution among the MF assessments at different spatial extents. 
 Spatial extent 
Assessment method of 
functions and services 
Microscale Local Landscape Regional National Multinational Global Total 
Microscale experiments/ 
samplings 12 2 - - 1 - - 15 
Plot/field observations - 21 2 11 1 2 4 41 
Municipality/ farm scale 
observations 
- 3 2 3 - - - 8 
Regional observations 
(administrative units) 
- - - 1 2 2 - 5 
High resolution maps - 1 - 10 - 1 - 12 
Grid cells/ land cover 
maps 
- 1 1 4 1 - - 7 
Other - 4 2 3 - 3 - 12 
Total 12 32 7 32 5 8 4 100* 
 
Table A5: Study locations 
Studies per study location. (Note: In some cases studies have been conducted on a multinational scale: 
Caribbean, EU, Global studies, Scandinavia, South America, Sub-Saharan Africa, UK) 
Study location Publications Study location Publications 
Australia 15 Laos 2 
Austria 4 Mexico 2 
Bangladesh 1 Monaco 1 
Belgium 6 Mongolia  2 
Brazil 5 Netherlands 17 
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Canada 8 New Zealand 1 
Caribbean 3 Norway 5 
Chile 1 Poland 3 
China 13 Portugal 16 
Costa Rica 1 Romania 4 
Czech Republic 1 Scandinavia 1 
Denmark 11 Scotland 2 
England 3 Slovakia 2 
Estonia 2 Slovenia 4 
EU 45 South Africa 2 
Finland 6 South America 4 
France 18 Spain 28 
French Guiana 1 Sri Lanka 1 
Germany 29 Sub-Saharan Africa 1 
Global studies 8 Sweden 13 
Hungary 2 Switzerland 3 
India 6 Taiwan 2 
Indonesia 1 UK 25 
Ireland 2 USA 41 
Italy 30 Vietnam 1 
Japan 9 Zambia 1 
Kenya 3   
Korea 2 Total* 420 
* Total of 420 study locations: 105 studies of the 507 general multifunctionality studies were without 
study locations (reviews, models, etc.). The remaining 402 studies had study locations, of which again 
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Table A6: Research disciplines 
The publications were assigned to one of 12 environmental research disciplines, which were then 
aggregated into 6 broader categories. 
Environmental research disciplines Publications 6 categories Publications 
Agricultural management 138 Agricultural management 138 




Nature conservation 40 




Soil science and Microbiology 31 




Rural development 24 













Environmental governance 1 
Water management 10 
Other 28 
Total 507* 
* 80 publications were excluded from the 587 publications due to language or format 
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Figure A1: The use of the terms ‘function’ and ‘service’ over time 
Figure A1 presents the use of the terms ‘function’ and ‘service’, considered in the subset of 101 MF 
assessments, as the number of publications per year. Publications of the year 2017 were only considered 




Table A7: Comparison between 42 ES-MF and 59 EF-MF studies 




Ecosystem functions or 
services considered 
Average number of functions or services  9.05 6.96 
Ecological functions or services only 5% 92% 
Socio-economic functions or services 
only 
2% 0% 




Stakeholder engagement Stakeholder engagement 33.3% 1.7% 
 
ES categories considered* Average number of different ES 
categories 
2.98 1.81 
Provisioning 74% 20% 
Regulating 76% 64% 
Cultural 86% 2% 
Supporting 62% 92% 
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Spatial extent of the MF 
assessment 
Microscale 0% 20% 
Local 24% 37% 
Landscape 10% 5% 
Regional 45% 20% 
National 10% 12% 
Multinational 12% 5% 
Global 0% 7% 
Other 0% 2% 
 
MF indicators* Averaging 2% 46.25% 
Indices 16% 1.25% 
Sum 38% 1.25% 
Discrete threshold(s) 20% 25% 
Continuous thresholds 0% 15% 
Other 24% 11.25% 
 
Methods used to analyze 
interactions between 
functions and services 
Correlation analysis 33% 47% 
Descriptive methods 19% 10% 
Other 7% 2% 
None 40% 41% 
*The percentages of the different ES categories, as well as the percentages of the different MF indicators 
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Table A8: Correlation between the four ES categories (Provisioning, Regulating, Cultural, 
Supporting) 
The categorical variables (0, 1) were used to indicate whether a study has used the individual ES 
category (yes=1, no=0), resulting in four groups of ES categories (Provisioning, Regulating, Cultural, 
Supporting) with 101 categorical variables (0, 1). Correlation between these four groups was tested by 
using the ‘rcorr-function’ of the R-package ‘Hmisc’. Pearson Correlation Coefficients were used and 
shown in the table below. P-values indicating the significance of the correlation are given in brackets 
(defined significance level: p < 0.05).  
 
 Provisioning Regulating Cultural 
Regulating 0.09 (0.3685)   
Cultural 0.53 (0.0000) 0.04 (0.6584)  
Supporting -0.26 (0.0074) 0.11 (0.2649) -0.34 (0.0004) 
 
 
Table A9: Number of thresholds used in the ‘discrete threshold(s)’ approach 
Table A9 presents the number of publications that used single or multiple discrete thresholds within the 
‘discrete threshold(s)’ approach. 
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Table A10: Methods used to analyze the interactions between ecosystem functions and services 
Table A10 presents the different methods used to analyze the interactions between ecosystem functions 
and services among the different MF indicators. We differentiated between correlation analysis, 



















10,7% 23,5% 7,1% 0,0% 30,0% 
Other 4,0% 0,0% 3,6% 11,8% 0,0% 0,0% 5,0% 
 
Total 59,4% 52,8% 64,3% 64,7% 50,0% 50,0% 65,0% 
None 40,6% 42,7% 35,7% 35,3% 50,0% 50,0% 35,0% 
 
Table A11: List of the 101 quantitative multifunctionality assessments 
Quantitative multifunctionality assessment studies that were used in this analysis. The conceptual 
classifications are abbreviated as follows: ecosystem function multifunctionality (EF-MF) assessments 
a) of purely biophysical perspective or b) including human perspectives; ecosystem service 
multifunctionality (ES-MF) assessments focusing on a) land use issues, b) a policy perspective, c) 
cultural values, or d) other.  
Title Conceptual 
classification 
1. Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blüthgen, N., ... & 
Kleinebecker, T. (2015). Land use intensification alters ecosystem 
multifunctionality via loss of biodiversity and changes to functional 
composition. Ecology letters, 18(8), 834-843. 
 
ES-MF a 
2. Allgeier, J. E., Layman, C. A., Mumby, P. J., & Rosemond, A. D. (2015). 
Biogeochemical implications of biodiversity and community structure across 
multiple coastal ecosystems. Ecological Monographs, 85(1), 117-132. 
 
EF-MF a 
3. Allgeier, J. E., Valdivia, A., Cox, C., & Layman, C. A. (2016). Fishing down 
nutrients on coral reefs. Nature communications, 7. 
EF-MF a 




4. Alsterberg, C., Sundbäck, K., & Gamfeldt, L. (2014). Multiple stressors and 
multifunctionality: limited effects on an illuminated benthic system. Biology 
letters, 10(12), 20140640. 
 
EF-MF a 
5. Andersen, P. S., Vejre, H., Dalgaard, T., & Brandt, J. (2013). An indicator-




6. Angelini, C., van der Heide, T., Griffin, J. N., Morton, J. P., Derksen-
Hooijberg, M., Lamers, L. P., ... & Silliman, B. R. (2015, July). Foundation 
species' overlap enhances biodiversity and multifunctionality from the patch to 
landscape scale in southeastern United States salt marshes. In Proc. R. Soc. B 
(Vol. 282, No. 1811, p. 20150421). The Royal Society. 
 
EF-MF a 
7. Arcidiacono, A., Ronchi, S., & Salata, S. (2016). Managing Multiple 
Ecosystem Services for Landscape Conservation: A Green Infrastructure in 
LomBardy Region. Procedia Engineering, 161, 2297-2303. 
 
ES-MF d 
8. Baró, F., Gómez-Baggethun, E., & Haase, D. (2017). Ecosystem service 
bundles along the urban-rural gradient: Insights for landscape planning and 
management. Ecosystem Services, 24, 147-159. 
 
ES-MF d 
9. Bastida, F., Torres, I. F., Moreno, J. L., Baldrian, P., Ondoño, S., Ruiz‐Navarro, 
A., ... & Jehmlich, N. (2016). The active microbial diversity drives ecosystem 
multifunctionality and is physiologically related to carbon availability in 
Mediterranean semi‐arid soils. Molecular ecology, 25(18), 4660-4673. 
 
EF-MF a 
10. Bernués, A., Rodríguez-Ortega, T., Alfnes, F., Clemetsen, M., & Eik, L. O. 
(2015). Quantifying the multifunctionality of fjord and mountain agriculture by 
means of sociocultural and economic valuation of ecosystem services. Land 
Use Policy, 48, 170-178. 
 
ES-MF a 
11. Bowker, M. A., Maestre, F. T., & Mau, R. L. (2013). Diversity and patch-size 
distributions of biological soil crusts regulate dryland ecosystem 
multifunctionality. Ecosystems, 16(6), 923-933. 
 
EF-MF a 
12. Bradford, M. A., Wood, S. A., Bardgett, R. D., Black, H. I., Bonkowski, M., 
Eggers, T., ... & Jones, T. H. (2014). Discontinuity in the responses of 
ecosystem processes and multifunctionality to altered soil community 




13. Brandt, P., Abson, D. J., DellaSala, D. A., Feller, R., & von Wehrden, H. 
(2014). Multifunctionality and biodiversity: Ecosystem services in temperate 




14. Byrnes, J. E., Gamfeldt, L., Isbell, F., Lefcheck, J. S., Griffin, J. N., Hector, A., 
... & Emmett Duffy, J. (2014). Investigating the relationship between 
biodiversity and eco system multifunctionality: challenges and solutions. 
Methods in Ecology and Evolution, 5(2), 111-124. 
EF-MF a 
15. Carvalho-Ribeiro, S. M., Madeira, L., & Pinto-Correia, T. (2013). Developing 
comprehensive indicators for monitoring rural policy impacts on landscape in 
ES-MF b 
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Alentejo, southern Portugal. Geografisk Tidsskrift-Danish Journal of 
Geography, 113(2), 87-96. 
 
16. Constán-Nava, S., Soliveres, S., Torices, R., Serra, L., & Bonet, A. (2015). 
Direct and indirect effects of invasion by the alien tree Ailanthus altissima on 
riparian plant communities and ecosystem multifunctionality. Biological 
invasions, 17(4), 1095-1108. 
 
EF-MF a 
17. Corti, M., Moranda, G., & Agostini, S. (2010). Indicators for Alpine pastures 
multifunctional use. The case of estates of the regional agricultural and forestry 
services board of Lombardy. Italian Journal of Agronomy, 5(1), 13-18. 
 
ES-MF c 
18. Crossman, N. D., & Bryan, B. A. (2009). Identifying cost-effective hotspots for 
restoring natural capital and enhancing landscape multifunctionality. Ecological 
Economics, 68(3), 654-668. 
 
ES-MF a 
19. Delgado‐Baquerizo, M., Maestre, F. T., Eldridge, D. J., Bowker, M. A., Ochoa, 
V., Gozalo, B., ... & Singh, B. K. (2016). Biocrust‐forming mosses mitigate the 
negative impacts of increasing aridity on ecosystem multifunctionality in 
drylands. New Phytologist, 209(4), 1540-1552. 
 
EF-MF a 
20. Delgado-Baquerizo, M., Maestre, F. T., Reich, P. B., Jeffries, T. C., Gaitan, J. 
J., Encinar, D., ... & Singh, B. K. (2016). Microbial diversity drives 
multifunctionality in terrestrial ecosystems. Nature communications, 7, 10541. 
 
EF-MF a 
21. Di Salvatore, U., Ferretti, F., Cantiani, P., Paletto, A., De Meo, I., & Chiavetta, 
U. (2013). Multifunctionality assessment in forest planning at landscape level. 
The study case of Matese Mountain Community (Italy). Annals of Silvicultural 
Research, 37(1), 45-54. 
 
ES-MF a 
22. Dooley, Á., Isbell, F., Kirwan, L., Connolly, J., Finn, J. A., & Brophy, C. 
(2015). Testing the effects of diversity on ecosystem multifunctionality using a 
multivariate model. Ecology letters, 18(11), 1242-1251. 
 
EF-MF a 
23. Dusza, Y., Barot, S., Kraepiel, Y., Lata, J. C., Abbadie, L., & Raynaud, X. 
(2017). Multifunctionality is affected by interactions between green roof plant 
species, substrate depth, and substrate type. Ecology and evolution, 7(7), 2357-
2369. 
EF-MF b 
24. Eisenhauer, N., Reich, P. B., & Isbell, F. (2012). Decomposer diversity and 




25. Finney, D. M., & Kaye, J. P. (2017). Functional diversity in cover crop 
polycultures increases multifunctionality of an agricultural system. Journal of 
Applied Ecology, 54(2), 509-517. 
EF-MF b 
26. Fleskens, L., Duarte, F., & Eicher, I. (2009). A conceptual framework for the 
assessment of multiple functions of agro-ecosystems: A case study of Trás-os-
Montes olive groves. Journal of Rural Studies, 25(1), 141-155. 
 
ES-MF a 
27. Galler, C., von Haaren, C., & Albert, C. (2015). Optimizing environmental 
measures for landscape multifunctionality: Effectiveness, efficiency and 
recommendations for agri-environmental programs. Journal of environmental 
management, 151, 243-257. 
 
ES-MF a 
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28. Gamfeldt, L., Hillebrand, H., & Jonsson, P. R. (2008). Multiple functions 
increase the importance of biodiversity for overall ecosystem functioning. 
Ecology, 89(5), 1223-1231. 
 
EF-MF a 
29. Gao, Y., Feng, Z., Wang, Y., Liu, J. L., Li, S. C., & Zhu, Y. K. (2013). 
Clustering urban multifunctional landscapes using the self-organizing feature 
map neural network model. Journal of Urban Planning and Development, 
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ES-MF a 
30. García-Llorente, M., Martín-López, B., Iniesta-Arandia, I., López-Santiago, C. 
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ES-MF c 
31. Gimona, A., & van der Horst, D. (2007). Mapping hotspots of multiple 
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ES-MF a 
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10.2. Appendix B: Supplementary Material to Chapter 3 
B1: Glossary 
ACT - Archetypical Change Trajectories 
DG AGRI - The Commission's Directorate-General for Agriculture and Rural Development  
EU - European Union 
Eurostat - European Statistical Office 
ESTIMAP - Ecosystem service mapping at European scale 
FAO - Food and Agricultural Organization of the United Nations 
IPBES - Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services 
LAU -  Local Administrative Units 
LSA - Land System Archetypes 
MAES - Mapping and Assessment of Ecosystems and their Services 
NDVI - Normalized Difference Vegetation Index 
NUTS - Nomenclature of Territorial Units for Statistics 
OECD - Organisation for Economic Co-operation and Development 
TEEB - The Economics of Ecosystems and Biodiversity 
UK NEA - National Ecosystem Assessment of the United Kingdom 
 
B2: Description of the ecosystem service indicators and their selection 
The ecosystem services data used in this study are based on Maes et al. (2015) who analysed the trends 
of ecosystem services in the European Union between 2000 and 2010. Here we provide a short 
description of the indicators, the underpinning data and the data processing. 
Maes et al. (2015) collected spatially-explicit data to assess trends in provisioning, regulating and 
cultural ecosystem services. The common international classification of ecosystem services (CICES 
version 4.3) has been used as a typology for ecosystem services. All ecosystem service indicators 
express either the capacity of ecosystems to generate ecosystem services or the actual use of ecosystem 
services. The data come from various sources: officially reported statistics, observations from remote 
sensing, results from models or combinations from these different sources. The data come at different 
spatial resolutions and thus needed further processing for the purpose of this paper. The source data can 
be downloaded here: 
https://data.jrc.ec.europa.eu/collection/maes 
Indicator selection: 
The following indicators are used in this study: Harvested production of food, Harvested production of 
fodder, Grazing livestock, Total water abstraction, Harvested production of textile crops, Total timber 
removal, Timber growing stock, Harvested production of energy crops, Harvested production of 
pollination dependent crops, Capacity of ecosystems to avoid soil erosion, Average soil retention, Water 
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retention index, Pollination potential, Habitat quality, Net ecosystem productivity, and Recreation 
potential. 
We have excluded three ecosystem service indicators from the study by Maes et al. (2015): “Area under 
organic farming” (because we did not consider it as a final ecosystem service), "Forest carbon potential" 
(because this indicator was modelled as a percent change and has no state value) and “Nitrogen removal 
by urban green areas” (because the spatial extent of it was limited to large urban zones so it did not 
cover all municipalities of our study area). Moreover, three indicators for water abstraction (1. industrial 
use, 2. agricultural use, 3. public use) were aggregated to one indicator, because individually they did 
only cover all parts of the EU. For two ecosystem services we included both the supply and the use 
indicator (e.g. Timber growing stock (supply) and Total timber removal (use); Capacity to avoid soil 
erosion (supply) and Average soil retention (use)). 
Indicator quantification: 
All indicators used in this study have been quantified using spatially explicit data for the reference year 
2010. The source data have been collected from data providers or have been modeled in the first semester 
of 2015. 
In Maes et al. (2015) provisioning ecosystem services were mapped using statistical information on the 
production of food and fodder, grazing livestock, textile and energy crops, timber removal and timber 
stocks, as well as water abstraction in the EU is available and reported by Eurostat. Regional data are 
reported at NUTS02 level (NUTS: Nomenclature of Terrestrial Units for Statistics; NUTS 2 regions are 
typically provinces or regions in EU countries). Maes et al. (2015) used the CoCo module of the CAPRI 
model (Common Agricultural Policy Regionalized Impact Modelling System) to obtain gap filled data 
for all ecosystem services related to harvested food and fodder. Missing data on the water abstraction 
indicator was gap-filled by the use of the FAO Aquastat data base.  
Where possible also regulating and maintenance services are mapped using statistical datasets. However, 
regulating and maintenance services are usually not measured or monitored so we rely on GIS models 
for their spatially explicit assessment. 
1. The harvested production of food is an indicator for the provisioning service cultivated crops, 
delivered by agro-ecosystems. The indicator is a use indicator that presents the actual use of agricultural 
yields in tonne. The data was reported by Eurostat [table agr_r_crops] for all EU countries at NUTS02 
level. 
2.  The harvested production of fodder is an indicator for the provisioning service cultivated crops, 
delivered by agro-ecosystems. The indicator is a use indicator that presents the actual use of agricultural 
yields in tonne. The data was reported by Eurostat [table agr_r_crops] for all EU countries at NUTS02 
level. 
3. The number of grazing livestock is an indicator for the provisioning service reared animals and their 
outputs, delivered by agro-ecosystems. The indicator is a supply indicator that presents the potential use 
of livestock in number of heads. The data (heads of cattle, goats and sheep) was reported by Eurostat 
[table agr_r_animal] for all EU countries at NUTS02 level. 
4. Total water abstraction is an indicator for the provisioning service water provision, delivered by all 
ecosystems. The indicator is a use indicator that presents the actual abstraction of water for industrial 
use, agricultural use and public use in m³. Data for each of the three uses was made available by Eurostat 
for three periods (2000-2003, 2004-2007, and 2008-2012). Water abstraction data for the UK was 
limited to England. Data for Scotland, Wales and Northern Ireland was estimated by assuming that water 
abstractions are proportionate to the share of population, industrial land use and agricultural land use, 
relative to the reported data for England. Missing data on the water abstraction indicator was gap-filled 
by the use of the FAO Aquastat data base. The three indicators for water abstraction (1. industrial use, 
2. agricultural use, 3. public use) were summed to deliver a single indicator. The original resolution 
varies per country (NUTS01 and NUT02). 
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5. The harvested production of textile crops is an indicator for the provisioning service fibres and 
other materials from plants, delivered by agro-ecosystems. The indicator is a use indicator that presents 
the actual use of fibre crop yields in tonne. The data was reported by Eurostat [table agr_r_crops] for all 
EU countries at NUTS02 level. 
6. Total timber removal is an indicator for the provisioning service fibres and other materials from 
plants, delivered by forests. The indicator is a use indicator that presents the actual use of timber in m³ 
removed per year. The data (roundwood removals) was reported by Eurostat [for_remov] for all EU 
countries at NUTS02 level. 
7. Timber growing stock is an indicator for the provisioning service fibres and other materials from 
plants, delivered by forests. The indicator is a supply indicator that presents the potential supply of 
timber in m³. The data (table wood volume) was reported by Eurostat [for_remov] for all EU countries 
at NUTS02 level. 
8. The harvested production of energy crops is an indicator for the provisioning service plant-based 
resources, delivered by agro-ecosystems. The indicator is a use indicator that presents the actual use of 
yields of energy crops in tonne. The data was reported by Eurostat [table agr_r_crops] for all EU 
countries at NUTS02 level. 
9. The capacity of ecosystems to avoid soil erosion is an indicator for the regulating and maintenance 
service soil erosion control, delivered by all ecosystems. The indicator is a supply indicator that presents 
the capacity of ecosystems to avoid soil erosion based on soil characteristics, land cover data and the 
presence of vegetation obtained from remote sensing (NDVI). Values from 0 to 1 are assigned to each 
pixel of a land cover map. The original resolution was 100 × 100 m2. More detailed information can be 
accessed in Guerra et al., 2014. 
10. Average soil retention is an indicator for the regulating and maintenance service soil erosion 
control, delivered by all ecosystems. The indicator is a use indicator that presents the actual soil retention 
in tonne/year/ha. The indicator was modelled based on the Revised Universal Soil Loss Equation 
(RUSLE), which essentially compares modelled soil erosion rates with and without vegetation. 
Parameters on precipitation, soil properties, topography and land cover are taken into account to 
calculate soil erosion rates. The original resolution was 100 × 100 m2. More detailed information can be 
accessed in Guerra et al., 2014. 
11. Surface area of forest with a protective function is an indicator for the regulating and maintenance 
service water regulation and erosion control, delivered by forests. The indicator is a supply indicator 
that presents the potential supply of water regulation and erosion control in ha. The data (protective 
functions of forests) was reported by Eurostat [for_profnc] for all EU countries at national level. 
12. The Water Retention Index is an indicator for the regulating and maintenance service water 
regulation, delivered by all ecosystems. The indicator is a supply indicator that presents the capacity of 
a landscape to regulate and retain water passing through it. The indicator was modelled as a composite 
indicator, taking into account interception by vegetation, water-holding capacity of the soil, and the 
relative capacity of both the soil and the bedrock to allow percolation of water. The influence of soil 
sealing and slope gradient are additionally considered in the final index. The original resolution was 100 
× 100 m2. More detailed information can be accessed in Maes et al., 2015 and in Vandecasteele et al., 
2018. 
13. Pollination potential is an indicator for the regulating and maintenance service pollination, 
delivered by all ecosystems. The indicator is a supply indicator that presents the capacity of ecosystems 
to provide pollination to adjacent crops which are dependent on insects for transferring pollen. The 
relative pollination potential (0-1) is modeled based on the suitability of nesting habitats and the 
availability of floral resources for solitary bees. The original resolution was 100 × 100 m2. The 
pollination potential index is fully documented in a technical JRC report by Zulian et al., 2014 and in 
an article by Zulian et al., 2013.  
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14. The harvested production of pollination dependent crops is an indicator for the regulating and 
maintenance service pollination, delivered by agro-ecosystems. The indicator is a use indicator that 
presents the actual use of crops that depend on pollination (e.g. fruits, pumpkin and cucumber) in 
tons/km². The data was reported by Eurostat [table agr_r_crops] for all for all EU countries at NUTS02 
level. 
15. Habitat quality is an indicator for the regulating and maintenance service maintenance of habitat, 
delivered by all ecosystems. The indicator is a supply indicator that presents the potential capacity of 
ecosystems to provide suitable habitats for common bird communities. Data on bird species occurrences 
was downloaded from the EBCC Atlas of European Breeding Birds. A species distribution model was 
used to calculate the relative species richness, which was used as an indicator for habitat quality (0-1). 
The original resolution was 10 × 10 km2. More detailed information can be accessed in Vallecillo et al., 
2016. 
16. The gross nutrient balance is an indicator for the regulating and maintenance service soil 
composition and formation delivered by agro-ecosystems. The indicator is a use indicator that presents 
the actual soil fertility in terms of nitrogen surplus on agricultural land (tonne/ha). It is a proxy indicator 
for decomposition and fixing processes. The data was reported by Eurostat [table aei_pr_gnb] for all for 
all EU countries at NUTS02 level.  
17. The net ecosystem productivity is an indicator for the regulating and maintenance service climate 
regulation, delivered by all ecosystems. The indicator is a use indicator that presents the net 
accumulation of carbon by an ecosystem in tonne/year*km². The indicator is based in NDVI 
measurements by Spot Vegetation taken for three period of time (1999-2001, 2004-2005, 2009-2011). 
The productivity was calculated based on the Phenolo algorithm that accounts for seasonal variations of 
growing biomass. The original resolution was 1 × 1 km2. More detailed information can be accessed in 
Maes et al. 2015. 
18. The recreation potential is an indicator for the cultural service recreation, delivered by all 
ecosystems. The indicator is a supply indicator that presents the capacity of ecosysrtems to provide 
recreational services to people. It was calculated as the proportion (%) of high provision, easily 
accessible areas of the Recreation Opportunity Spectrum (ROS). The ROS classifies areas by two 
categories: the potential to provide recreation services and the proximity to roads and residential areas, 
using land cover maps. The original resolution was 100 × 100 m2. Zulian et al (2013) describe in detail 
the recreational opportunity spectrum. Furthermore, the indicator is also presented in an article by 
Paracchini et al., 2014. 
Scaling: 
The datasets were subsequently rescaled to the LAU2 level (LAU is the European classification of Local 
Area Units). LAU2 units represent municipalities or equivalent units. Rescaling the spatial data meant 
either upscaling from the gridded data at between 100 m and 10 km resolution to LAU2 units or 
downscaling the regional data at NUTS02 to the LAU2 units. Upscaling was done the values per grid 
cell that coincide with LAU2 units. Downscaling was area based using land cover data or a population 
density map as spatial surrogate. For example, the number of grazing livestock was downscaled from 
NUTS02 to LAU2 by taking the ratio between the total area of pasture in the LAU2 unit and the total 
area of pasture in the NUTS02 region. The total number of livestock was then multiplied with this ratio 
to derive an estimate for the total number of livestock for the LAU2 unit. Section 3.4 of Maes et al 
(2015) provides additional details on the downscaling method and the spatial surrogates used to 
downscale each indicator.  
As a final step, the data per LAU2 unit were converted to units per km2 to allow comparing ecosystem 
services across the municipalities on a per area basis. 
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B3: Correlations between pairs of ecosystem services
 
Fig. B3: Correlation analysis between the 18 ecosystem service indicators used in this study using Pearson’s 
correlation coefficients r (legend on the right). Positive correlations between ecosystem services (r > 0, marked 
blue) were found for 116 pairs of services. Negative correlations between ecosystem services (r < 0, marked red) 
were found for 46 pairs of services. 
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B4: A comparison of multifunctionality indices  
Next to the ecosystem service diversity indicator, we assessed i) ecosystem service richness (i.e., the 
number of ecosystem services present within each municipality) using the function ‘specnumber’ of the 
vegan package in R (Oksanen et al., 2013) and ii) average ecosystem service supply, calculated as the 
mean of all ecosystem service supplies within each municipality. 
 
Fig. B4.1. Two multifunctionality indices (Simpson Diversity Index, Average supply of ecosystem services) in 
relation to the number of ecosystem services provided per municipality. 
Alpha-multifunctionality was positively correlated to the richness of ecosystem services (Pearson 
correlation: r = 0.583, p < 2.2e-16) and the average supply of ecosystem services within each 
municipality (Pearson correlation: r = 0.785, p < 2.2e-16). Beta-multifunctionality was slightly 
negatively correlated to ecosystem service richness (Pearson correlation: r = -0.194, p < 2.2e-16) and 
the average supply of ecosystem services within each municipality (Pearson correlation: r = -0.032, p < 
2.2e-16), suggesting that often municipalities with only a few unique ecosystem services result in high 
beta-multifunctionality values.  
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Fig B4.2. Beta-multifunctionality 
 
 
Fig B4.2. Beta-multifunctionality, measured as the unique service contribution of municipalities (LAU2 level) 
within a region (NUTS3 level). The green colors depict the variation in beta-multifunctionality, which is divided 
into five equal intervals. The red color depicts the 147 NUTS3 regions with less than five municipalities. These 
regions were not included in the correlation analysis of alpha- and beta-multifunctionality.   
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B5: Alpha- and beta-multifunctionality in relation to population density 
 
Fig B5.1. Alpha- and beta-multifunctionality in relation to population density (people per km²). Pearson correlation 
between alpha-multifunctionality and population density: r = -0.457, p < 2.2e-16. Pearson correlation between 
beta-multifunctionality and population density: r = 0.165, p < 2.2e-16. 
London  
Paris     
Fig. B5.2. Alpha- and beta-multifunctionality in relation to population density (people per km²) shown for the 
metropolitan areas of London (upper part of the Figure) and Paris (lower part of the Figure). Pearson correlation 
between alpha-multifunctionality and population density for London: r = -0.777, p < 2.2e-16. Pearson correlation 
between alpha-multifunctionality and population density for Paris: r = -0.566, p < 2.2e-16. 
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B6: Land system archetypes and Archetypical change trajectories 
Cluster description and statistics for land system archetypes (LSA) (Levers et al., 2018). Data on LSA 
was generated for the EU-27. The statistics on area are also valid for the EU-27. 
Cluster Description Area in km² Area share 
in % 
LSA01 High-intensity cropland: high arable cropland cover and yields, 
accompanied by very high permanent cropland yields 
55.269 1.31 
LSA02 Large-scale permanent cropland: high permanent cropland cover and 
above average permanent crop yields 
158.526 3.75 
LSA03 High-intensity arable cropland: high fertilizer input, high arable 
cropland cover, and high arable yields 
317.691 7.51 
LSA04 Medium-intensity arable cropland: medium fertilizer input, high arable 
cropland cover, and slightly above average arable yields 
501.804 11.86 
LSA05 Low-intensity arable cropland: low fertilizer input and high arable 
cropland cover with average arable yields 
259.497 6.13 
LSA06 Fallow farmland: high fallow farmland and low values for other 
indicators of agricultural intensity 
166.410 3.93 
LSA07 High-intensity livestock farming: high livestock density, very high 
grassland cover, and very high grassland yields 
39.303 0.93 
LSA08 Medium-intensity livestock farming: medium livestock density, very 
high grassland cover, and high grassland yields 
169.029 4.00 
LSA09 Low-intensity livestock farming: low livestock density, high grassland 
cover, and slightly above average grassland yields 
248.823 5.88 
LSA10 Low-intensity grassland area: very high grassland cover (often used for 
grazing), and low values for all other indicators 
389.727 9.21 
LSA11 High-intensity forest: high forest cover and high wood production rates 351.918 8.32 
LSA12 Low-intensity forest: high forest cover and low values for all other 
indicators 
817.992 19.33 
LSA13 High-intensity agricultural mosaic: high cropland and grassland yields, 
high fertilizer input, and high livestock density with moderately high 
agricultural coverage and low forest cover 
191.565 4.53 
LSA14 Low-intensity mosaic: no marked differences from indicator mean 
values. Cropland and grassland cover as well as fertilizer and livestock 
density are slightly below average, while forest cover and arable yields 
are slightly above average 
487.116 11.51 
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B7: Sensitivity analysis  
Alpha-multifunctionality was recalculated for the following ecosystem services: "Total water 
abstraction", "Capacity of ecosystems to avoid soil erosion”, “Average soil retention”, “Surface area of 
forest with a protective function", "Water Retention Index", "Pollination potential", "Habitat quality", 
"Gross nutrient balance", "Net ecosystem productivity", and "Recreation potential". These ecosystem 
services do not base on the same input information as used to classify the Land System Archetypes. 
They were consequently used for a sensitivity analysis here.  
 
a) Alpha-multifunctionality based on the original set of ecosystem services 
 
b) Alpha-multifunctionality based on the reduced set of ecosystem services 
Fig. B7.1. Both Figures show the proportion of alpha-multifunctionality classes (based on quantiles) within each 
of the 15 Land System Archetypes. Each bar represents one Land System Archetype category and labels present 
name and area share across the entire EU-27 (without Croatia). The share of each alpha-multifunctionality class 
within each Land System Archetype category is given on the x-axis. Dark blue bars depict coldspots and dark red 
bars depict hotspots of alpha-multifunctionality. 
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Multifunctionality and Archetypical Change Trajectories 
Alpha-multifunctionality and the combined classes of alpha- and beta-multifunctionality (see Fig. 3) 
were linked to the Archetypical Change Trajectories (land system change between 1990 and 2006; 
Levers et al., 2018) for their spatial co-occurrence. See Figure 3b in Levers et al. (2018) for a description 
of the Archetypical Change Trajectories.  
 
a) Alpha-multifunctionality and Archetypical Change Trajectories 
 
b) Combined alpha- and beta-multifunctionality and Archetypical Change Trajectories 
 
Fig. B7.2. Proportion of multifunctionality classes (based on quantiles) within each of the 17 Archetypical Change 
Trajectories. Each bar represents one Archetypical Change Trajectory category across the entire EU-27 (without 
Croatia). The share of each multifunctionality class within each Archetypical Change Trajectory category is given 
on the x-axis. Figure a) presents the proportion of alpha-multifunctionality classes. Figure b) presents the 
proportion of combined alpha- and beta-multifunctionality classes.  
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10.3. Appendix C: Supplementary Material to Chapter 4 
C1. Full description of the relevance, definition and models of the ecosystem services in both 
case study areas.  
We selected eleven ecosystem services of social, economic and environmental value within the two 
regions (Table 1). The services cover production services, regulation services and cultural services. The 
selection was based on previous stakeholder workshops and expert knowledge from previous works 
within the TALE project (Holzkämper et al., 2018; Karner et al., 2019). Moreover, we considered 
selection criteria proposed by Oudenhoven et al. (2018) and selected indicators that are perceived as 
scientifically adequate, understandable and relevant for different stakeholder in the two landscapes, and 
which can be re-quantified at other times or in other areas (Oudenhoven et al., 2018). With the exception 
of one ecosystem service, the same services were selected for both case study areas. The supply of all 
ecosystem services within the two case study areas was modelled and presented spatially by the use of 
ecosystem service indicators. Indicator data was gathered from public databases and different ecosystem 
service models were used. A full description of the relevance, definition and models of each ecosystem 
service is given in the following.  
C1.1: Selection of ecosystem services and their indicators for the Vereinigte Mulde area 
1. Crop production: Large parts of the Vereinigte Mulde area (39.9%) is cropland and the production 
of crops is an important income source within the region. To assess the potential crop production in 
the area, we used a remote sensing based crop classification map from 2017 (original resolution 20 
m; Preidl et al., 2020) that depicts 15 different crop types in the region. This data was overlaid with 
the harvest data per crop type from regional statistics (STLA, 2017a, 2017b). The data was given in 
dt/ha, which we converted to the calories/ha, using a FAO based calories table (FAO, 2001). The 
map was converted to a raster dataset of 25m spatial resolution. 
 
2. Timber production: Large parts of the Vereinigte Mulde area (36.8%) are covered by forest (1.9 
% deciduous, 5.1% mixed and 29.6% coniferous forest). Timber supply is an important provisioning 
ecosystem service in this region, offering a source of income. It is used in sawmill and profile chip 
mills, in the paper, pulp and panel industry, as well as for firewood. In form of pellets timber is 
further increasingly used as a source of renewable energy (SBS, 2019). The average timber 
production of the Vereinigte Mulde area was estimated based on the data of the national forest 
inventory. Specifically, we used the average timber harvest indicator [m³/ha*a] ("Vorrat des 
ausgeschiedenen Bestandes (von genutzten und abgestorbenen Bäumen) ab 10 cm BHD“, time 
period 2002-2012) for the growing area “Düben-Niederlausitzer Altmoränenland“. The average 
timber harvest was 3.1 m³/ha*a for coniferous and 0.4 m³/ha*a for deciduous trees (BWI, 2016). To 
estimate the average timber harvest for mixed forests, we took the average value of both forest types 
(1.75 m³/ha*a), as done in (Früh-Müller et al., 2016). These values were then assigned to the tree 
forest classes in the land cover map (25m resolution, AdV, 2010).  
 
3. Dairy production: Keeping of cattle (mainly dairy cattle), as well as sheep and pig farming are the 
main focus of animal production in this region (Verein Dübener Heide e.V., 2006). As dairy 
production depends on the local production of pasture, we used an indicator of grassland 
productivity to estimate the potential production of dairy, as in Verhagen et al. (2018). Specifically, 
we used a soil fertility map (LfULG, 2015), which is divided into five classes ranging from 1 (very 
low soil fertility) to 5 (very high soil fertility). The soil fertility classes were overlaid with grassland 
areas of the land cover map (14.3% of the area, 25m resolution, AdV, 2010). The production of 
dairy of course also depends on other important variables (e.g. additional fodder sources). However, 
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we only consider dairy production as an ecosystem service if the animals are fed with local resources 
in a sustainable way. Total numbers of livestock can for example not be considered an ecosystem 
service. Our final indicator is thus a rough estimate of local dairy production that varies on a scale 
between 1 (low dairy production) and 5 (high dairy production). 
 
4. Water supply: Water supply is important for the agricultural and industrial production, for drinking 
water abstraction and many ecological processes. To estimate the potential water supply within the 
area, we calculated the surface water yield, as in Früh-Müller et al., 2016. Surface water yield equals 
the precipitation in an area minus water storage in the soil and evapotranspiration losses. These 
parameters were obtained as an output of a SWAT model for each hydrological unit (small spatial 
polygons, average size: 31.3 ha) within the region. The SWAT model had previously been set up 
for this case study area, as part of the TALE project, by Strauch et al. (2017) (Arnold et al., 2012; 
Strauch et al., 2017). We used the output parameters PRECIPmm (precipitation, mm), 
SURQ_GENmm (water storage, mm) and ETmm (evapotranspiration, mm) to calculate the 
potential water supply (mm) for each hydrological unit. The map was then converted to a raster 
dataset of 25m spatial resolution. 
 
5. Climate regulation: Climate regulation is an important ecosystem service that regulates processes 
related to moderation of temperature, precipitation and cloud formation. It has effects on local and 
global scales and is becoming increasingly important with climate change. Carbon storage was used 
as an indicator for climate regulation. To map the carbon storage within the Vereinigte Mulde area, 
the modeling tool InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs version 3.3.1, 
Tallis and Ricketts, 2011) was used. InVEST estimates the carbon storage (MgC/ha) in the 
landscape based on the current land cover classes and the carbon stored in each of the following 
carbon pools: dead organic matter, soil organic carbon, belowground biomass and aboveground 
biomass. Data on dead organic matter and aboveground biomass in forests was taken from the 
Bundeswaldagentur (Totholz, Holzvolumen). Belowground biomass for forests was calculated by 
using tree type specific coefficients that translate average diameter at breast heights to belowground 
biomass (Lehmphul, 2014). For all other land cover classes, numbers on above- and belowground 
biomass are taken from a report of the German Environment Agency (Lehmphul, 2014). Data on 
soil organic carbon for all land cover classes was taken from a soil database of the LfULG (2015). 
As the indicator builds on the land cover classification map (25m resolution), the resolution of the 
indicator map is 25m. 
 
6. Water retention: If water is not retained effectively within the landscape, there is an increased risk 
of flooding. Water retention is therefore an important ecosystem service in the Vereinigte Mulde 
area, where floods with high economic risks occur regularly. The amount of water retained within 
the landscape was calculated by using the water retention index described in Maes et al. 2015. This 
indicator is composed by the estimated amounts of water retained by vegetation (Rv), soil (Rs) and 
as groundwater (Rgw). Slope and soil sealing are included as factors that limit water retention and 
accelerate runoff.  
 The Leaf Area Index was used as an indicator for the amount of water retained by vegetation 
(Rv). The Leaf Area Index was downloaded from MODIS (temporal resolution 8 days, spatial 
resolution 1km) and averaged for the period 2000-2009 (MODIS, 2016).  
 The amount of water retained by soil (Rs) was estimated by the water holding capacity of the 
soil. This indicator was obtained from the “Landesamt für Umwelt, Landwirtschaft und 
Geologie” (LfULG) and ranges from 1 (low capacity) to 5 (high capacity) (LfULG, 2015).  
 The amount of water retained as groundwater (Rgw) is influenced by the permeability of the 
soil. Soil permeability was therefore used to estimate Rgw. Specifically, we used information 
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on hydrological soil groups, ranging from 1 (high permeability) to 4 (low permeability), which 
was available as an output of the SWAT model previously done for the Vereinigte Mulde 
catchment (Strauch et al., 2017). The information on permeability is available per hydrological 
unit.  
 Information of slope (in meters/second) was also retrieved from the outputs of the SWAT model 
(resolution = hydrological units; Strauch et al., 2017). 
 Data on soil sealing was retrieved from the pan-European high resolution maps of the EU 
Copernicus programme (Copernicus, 2015). The imperviousness status map of 2015 (100m 
resolution) was used, which presents the percentage of soil sealing.  
 The different indicators were downscaled to a resolution of 25m and standardized to a 0 – 1 
scale. Then, we combined them in the composite water retention index using the following 
formula: WRI = (1.81 * Rv + 0.22 * Rgw + 1.51 * Rs + 0.2 * slope) * (1.16 * (1 – soil sealing)) 
 
7. Pollination: Pollination is an important regulating service in agriculturally used areas. It has a high 
economic value as large parts of the agricultural production depend on insect pollination. Based on 
the approach suggested in Schulp et al. (2014), we mapped the potential supply of pollination based 
on the suitability of habitats for pollinators in the landscape and the availability of floral resources 
(forage availability for pollinators) (Schulp et al., 2014). Pollination potential was then calculated 
as the probability of pollinators visiting the floral resources. First, maps of habitat suitability and 
floral availability were created by reclassifying land cover classes (25m resolution, AdV, 2010), 
based on Zulian et al., 2013. Then, a distance decay function was used to estimate the floral 
availability within each grid cell (using a 1000m flight range, Lonsdorf et al., 2009). Habitat quality 
was calculated as a combination of habitat suitability and floral availability. Finally, the distance 
decay function was used again to calculate the pollination potential (crop visitation probability) as 
the decay of the habitat quality. The map is based on the land cover map and has a spatial resolution 
of 25m.  
 
8. Landscape aesthetics: The landscape aesthetics indicator was assessed based on three different 
components (1. the degree of naturalness (hemeroby), 2. landscape heterogeneity and 3. the distance 
to water bodies), following an approach to assess the potential for outdoor recreation by Paracchini 
et al., 2014. The three indicators relate to peoples preference for natural and heterogeneous areas, 
and to the attractiveness of water bodies (Paracchini et al., 2014).  
 A hemeroby map was created by reclassifying land cover classes (25m resolution, AdV, 2010), 
based on EU hemeroby classes (Paracchini et al., 2014). 
 Landscape heterogeneity was calculated as the diversity of land cover types (25m resolution, 
AdV, 2010). The Shannon Diversity Index was used to assign diversity values between 0 and 1 
to each grid cell based on a moving window analysis of surrounding grid cells (500m).  
 The distance to water bodies was calculated using the ‘distance’ function in R. The map of water 
bodies in the Vereinigte Mulde area was created based on Open Street Map data (OSM, 2019). 
The map was converted to a raster dataset of 25m spatial resolution. 
Each variable was normalized between 0 and 1 and the three variables were aggregated with equal 
weights. 
9. Recreation: The Vereinigte Mulde area is highly used for recreational purposes, such as walking or 
biking. There are many hiking and biking paths close to the river Mulde and within the forested 
areas of the Dübener Heide. The recreation potential was estimated for short distance recreation 
rather than long distance travelling or tourism. Geospatial information on point data (castles, 
viewpoints, benches, windmills, campsites, shelters, picnic spot, playgrounds, etc.) and roads 
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(footpaths and bicycle trails) were downloaded from Open Street Map (OSM, 2019) and a density 
map was created by the use of the mapped attributes. Grid cells nearer the attributes have a higher 
recreation potential than grid cells farther away. The map was converted to a raster dataset of 25m 
spatial resolution. 
 
10. Tranquillity: Tranquillity is a service of socio-cultural value. It is primarily perceived as important 
by residents or those who use the landscape for recreational purposes. Tranquillity was calculated 
as the distance to primary roads (highways), secondary roads (municipal streets) and railways 
following the technical report of the European Environmental Agency (EEA, 2014). Tranquillity 
increases from 0 to 1 within 196.9m to 806.2m from secondary roads, within 459m to 1082m from 
primary roads and within 103m to 447m from railways. Geospatial information on roads and 
railways were downloaded from Open Street Map (OSM, 2019). The map was converted to a raster 
dataset of 25m spatial resolution. 
 
11. Habitat quality: Habitat quality was estimated for nine endangered bird species in the region 
(Kiebitz, Steinschmatzer, Braunkehlchen, Haubenlerche, Schleiereule, Eisvogel, Heidelerche, 
Gartenrotschwanz, Dohle). The presence data of the birds was obtained from the LfULG for the 
period 2003-2008. Based on the presence and pseudo-absence data of the birds, as well as on the 
specific habitat requirements of our study species, the breeding habitat for each bird species was 
modelled using a species distribution model (Random Forest algorithm). The data processing and 
model have previously been done for this area in the course of the TALE project (Jungandreas et 
al., in review). The map is based on the land use map and has a spatial resolution of 25m. 
 
Figure C1.1. Ecosystem service supply indicators in the Vereinigte Mulde area. 
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C1.2: Selection of ecosystem services and their indicators for the Kromme Rijn area 
1. Crop production: Large parts of the Kromme Rijn area (19.3%) is cropland and the production of 
crops is an important income source within the region. To assess the potential crop production in 
the Kromme Rijn area, we used crop parcel map from 2016 that depicts different 41 crop types for 
each parcel in the region (CBS, 2017). The 41 crop types include vegetables, cereals and 
strawberries. The map is based on the information reported by farmers. The data was overlaid with 
the harvest data per crop type from regional and national statistics (CBS, 2019a, 2019b). We used 
the average yield of the years 2007-2016 given in 1000 kg, and converted the yields to calories/ha, 
using a FAO based calories table (FAO, 2001). The map was converted to a raster dataset of 25m 
spatial resolution. 
 
2. Timber production: Only a small share of the land is forested (8.6%), mainly the north of the area, 
where the case study area is within the border areas of the Heuvelrug National Park. Nevertheless, 
the trees that are within the Kromme Rijn area are used, for example, in construction works in the 
agricultural sector. To estimate harvested amounts of timber, we used the Sixth Dutch Forest 
Inventory database (NBI, 2012). We used an indicator for harvested timber (“voogstha”, m³/ha*a), 
which was modelled on a 1km² grid (Schelhaas et al., 2014). We selected the plots within the case 
study area, converted the map to a raster of 250*250m resolution, interpolated the values over space 
using the “Tps” function in R, downscaled to a spatial resolution of 25m and overlaid the indicator 
with the forested areas of the Kromme Rijn area (Hazeu et al., 2010).  
 
3. Dairy production: Dairy production is an important provisioning ecosystem service in the Kromme 
Rijn area. 47.6% of the area are grasslands, where much of the pasture for dairy cattle fodder is 
produced (Verhagen et al., 2018). We used the land cover map of 25m resolution (Hazeu et al., 
2010) to identify the grassland areas. Areas around hedges and edges of grassland areas were 
excluded, as the production rates are lower in these areas. The grassland areas relevant for pasture 
production were then reclassified based on the number of cows that generally graze on farmland 
(conventional = 2.14 cows/ha; organic = 1.23 cows/ha) and the amount of milk produced per cow 
(conventional = 8082 dt/cow/year; organic = 6338 dt/cow/year), resulting in the yearly amount of 
milk per ha grassland. Finally, we calculated the total production profit of milk based on the amount 
of milk per ha grassland and the profit per land management type for 100 kg milk (conventional = 
38.90 €; organic = 47.65 €). The numbers and calculations are based on the model written by 
Verhagen et al. (2018), where a more detailed description of the model can be found in the 
Supplementary.  
 
4. Water supply: Water supply is important for the agricultural and industrial production, for drinking 
water abstraction and many ecological processes. Data on groundwater quantity is publicly available 
in the “Nationaal Georegister” database (NGR, 2019). We used a map on groundwater isohypse, 
which shows the average level of groundwater (in m above the Normal Amsterdam Pegel, 25cm 
distances). The groundwater level serves as an indicator for water supply. The values were 
interpolated within the whole study area using the “Tps” function in R.  
 
5. Climate regulation: Climate regulation is an important ecosystem service that regulates processes 
related to moderation of temperature, precipitation and cloud formation. It has effects on local and 
global scales and is becoming increasingly important with climate change. Carbon sequestration 
was calculated as the change in carbon soil and biomass stocks, and used as an indicator for climate 
regulation. The soil stock change was derived from land use type specific emission or sequestration 
factors. The biomass stock change is calculated as the forest biomass content multiplied by the area 
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of deforestation and the fraction of biomass removed upon deforestation. This carbon budget 
calculation is based on Schulp et al. (2008). The data on soil and biomass carbon stocks was derived 
from Schulp et al. (2013) and ANK (2013). 
 
6. Fruit production: The cultivation of fruit is an important source of income in the region (CBS, 
2018). We used the two main fruits, pears and apples, to estimate the total fruit production [kg/ha] 
in the Kromme Rijn area. First, we assumed that 54% of all orchards produce apples and 46% of all 
orchards produce pears. Regional statistics on yields were used to calculate the total fruit production 
in kg/ha for organic and conventional orchards. On conventional farms, high yields are 50 kg/ha for 
apples and 55 kg/ha for pears. On organic farms, high yields are 35 kg/ha for apples and 38.5 kg/ha 
for pears. The yields were then corrected for share of the fruit production (apples = 23.5%, pears = 
11%) that is affected by the relative pollination potential (Model 7) in the area and for the potential 
harvest losses (conventional = 3%, organic = 5%). The numbers and calculations are based on the 
model written by Verhagen et al. (2018), where a more detailed description of the model can be 
found in the Supplementary. 
 
7. Pollination: Pollination is an important regulating service in agriculturally used areas. It has a high 
economic value as large parts of the agricultural production depend on insect pollination, especially 
fruit production which is an important sector in the Kromme Rijn area. Based on the approach 
suggested in Schulp et al. (2014), we mapped the potential supply of pollination based on the 
suitability of habitats for pollinators in the landscape and the availability of floral resources (forage 
availability for pollinators) (Schulp et al., 2014). Pollination potential was then calculated as the 
probability of pollinators visiting the floral resources. First, maps of habitat suitability and floral 
availability were created by reclassifying land cover classes (25m resolution, Hazeu et al., 2010), 
based on Zulian et al., 2013. Then, a distance decay function was used to estimate the floral 
availability within each grid cell (using a 1000m flight range, Lonsdorf et al., 2009). Habitat quality 
was calculated as a combination of habitat suitability and floral availability. Finally, the distance 
decay function was used again to calculate the pollination potential (crop visitation probability) as 
the decay of the habitat quality. The map is based on the land cover map and has a spatial resolution 
of 25m. 
8. Landscape aesthetics: One of the reasons why outdoor recreationists visit the Kromme Rijn area 
is due to its scenic beauty (Komossa et al., 2019). A study by Tieskens et al. (2018) was designed 
to quantify this scenic beauty or aesthetic quality of the Kromme Rijn area (Tieskens et al., 2018). 
We have used their model and data points in our study. It links the amount of landscape photos 
uploaded on social media platforms (Panoramia and Flickr) to a set of natural and human made 
features in the landscape (e.g. water bodies, castles, hiking paths). Distance coefficient values are 
the result of this model. We calculated the aesthetic value for the Kromme Rijn area by within a 
maximum distance of 500 meter, and then used the sum of values of all cells with roads (as in 
Verhagen et al. 2018). 
 
9. Recreation: The Kromme Rijn area is highly used for recreational purposes, such as walking or 
biking (Komossa et al., 2019). The recreation potential was estimated for short distance recreation 
rather than long distance travelling or tourism. Geospatial information on point data (castles, 
viewpoints, benches, windmills, campsites, shelters, picnic spot, playgrounds, etc.), roads (footpaths 
and bicycle trails) and natural areas (park, forest, water, riverbank) were downloaded from Open 
Street Map (OSM, 2019) and a density map was created by the use of the mapped attributes. Grid 
cells nearer the attributes have a higher recreation potential than grid cells farther away. The map 
was converted to a raster dataset of 25m spatial resolution. 
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10. Tranquillity: Tranquillity is a service of socio-cultural value. It is primarily perceived as important 
by residents or those who use the landscape for recreational purposes. Noise load of province roads 
in the Kromme Rijn area was mapped in 2000. The data was made available by the Province of 
Utrecht (Overheid, 2006). We have used the reverse indicator of noise load (decibel) as an indicator 
for tranquillity. The map was converted to a raster dataset of 25m spatial resolution.  
 
11. Habitat Quality: Nature conservation in the Kromme Rijn area focuses on a set of local species, 
such as the great crested newt, the common noctule or the long eared owl (Utrecht Provincie, 2016). 
Verhagen et al. (2018) established a habitat suitability model for the great crested newt, which we 
used as an indicator for habitat quality of the Kromme Rijn. Specifically the location of ponds and 
the suitability of habitat close to the ponds (250m radius) are used to calculate habitat suitability. 
 
Figure C1.2. Ecosystem service supply indicators in the Kromme Rijn area.  
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Figure C2. Canvasses used in the Vereinigte Mulde case study area (German language)  
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C3: Data on recreationists 
Table C3. Information on the Gender, age group and place of residence of the recreationists of the two case 
study areas.  
 Vereinigte Mulde area Kromme Rijn area 
Characteristics Variables Number of people Number of people 
Gender Males 23 20 
Females 27 26 
Age groups 1940-49 6 3 
1950-59 13 12 
1960-69 12 13 
1970-79 6 3 
1980-89 5 11 
1990-99 5 4 
2000-10 2 1 
unknown 1 0 























Berlin 2 unknown 4 









Figure C4. Correlation analyses between ecosystem service indicators in the Vereinigte Mulde (left plot) and in 
the Kromme Rijn (right plot). Spearman’s correlation coefficients r are shown with trade-offs (0 > r > -1) in red 
and synergies (1 > r > 0) in blue. Significant correlations with p < 0.01 are shown in bold.  
Table C4. Number of strong, moderate and weak correlations between ecosystem service indicators in both case 
study areas.  
 Vereinigte Mulde Kromme Rijn 








Strong  2 3  0 1 
Moderate  22 17 27 19 
Weak  4 7 2 6 
Total number 28 27 29 26 
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C5: Co-occurrence of land use and multifunctionality classes  
 
Figure C5.1. Sensitivity analysis for the Vereinigte Mulde and the Kromme Rijn areas: Proportion of 
multifunctionality classes (based on quantiles) within each land use class. Each bar represents one land use class 
with the area share in percentage. Dark red bars depict hotspots of multifunctionality. For the sensitivity analysis, 
multifunctionality was recalculated by using only those ecosystem services that are not based on land use. For the 
Vereinigte Mulde area these ecosystem services are crop production, water supply, climate regulation, water 
retention, recreation potential and tranquillity (n = 6). For the Kromme Rijn area these ecosystem services are crop 
production, water supply, landscape aesthetics, recreation potential, tranquillity and habitat quality (n = 6). 
  





Figure C5.2. Co-occurrence of stakeholder weighted multifunctionality and land use classes for all stakeholder 
groups in the Kromme Rijn. The colours depict the proportion of multifunctionality classes (based on quantiles) 
within each land use class. Land use classes are depicted with the area percentages. “Other” includes “no 
vegetation”, “specialized crops”, “transport, “wood”, “mining areas”, “wetlands”.  
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Fig. C5.3. Co-occurrence of stakeholder weighted multifunctionality and land use classes for all stakeholder 
groups in the Kromme Rijn. The colours depict the proportion of multifunctionality classes (based on quantiles) 
within each land use class. Land use classes are depicted with the area percentages.  
C6: Weighting schemes and significance tests 
Table C6.1. Total between group variance (sum of standard variations of the average weightings schemes). P-
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Table C6.2. Expert groups: Weighting schemes and the within group variance per stakeholder group (sum of 
standard variations). Results of the analyses of variances (ANOVAs). 
 




















F value p-value 
Crop production 4.40 3.20 3.40 3.13 1.625 0.217 
Timber production 4.00 3.00 2.80 2.50 2.426 0.0973 
Dairy production 4.40 3.20 3.20 3.50 1.348 0.289 
Water supply 4.20 4.00 3.60 4.13 0.377 0.77 
Climate regulation 4.20 4.40 3.40 3.88 0.827 0.495 
Water retention/Fruit 
production 
4.00 3.40 3.40 4.00 x x 
Pollination 4.20 4.20 4.00 4.13 0.046 0.987 
Landscape aesthetics 4.40 3.60 3.80 4.63 2.419 0.098 
Recreation potential 4.40 4.00 4.60 4.00 0.584 0.633 
Tranquility  4.20 4.40 3.80 4.38 0.534 0.664 
Habitat quality 4.80 4.60 4.00 4.25 1.089 0.378 
Within group  
variances 
7.70 10.67 9.04 9.55   
x: Since water retention was only assessed for the Vereinigte Mulde and fruit cultivation only for the Kromme 
Rijn, no ANOVA was performed for these ecosystem services. 
 
Table C6.3. Recreationist groups: Weighting schemes and the within group variance per stakeholder group (sum 
of standard variations). Results of the analyses of variances (ANOVAs). 
  ANOVA 
 




the Kromme Rijn 
(n=47) 
F value p-value 
Crop production 3.48 3.40 0.108 0.743 
Timber production 2.76 2.62 0.460 0.499 
Dairy production 3.18 2.91 1.254 0.266 
Water supply 4.04 3.91 0.287 0.593 
Water retention/Fruit 
cultivation 
4.06 3.77 x x 
Climate regulation 4.40 4.00 2.970 0.088 
Pollination 4.32 4.49 0.935 0.336 
Landscape aesthetics 4.12 4.45 3.197 0.077 
Recreation potential 
4.78 4.21 18.31 
4.49e-05 
*** 
Tranquility  4.52 4.62 0.576 0.450 
Habitat quality 4.48 4.47 0.007 0.935 
Within group  
variances 
9.42 11.34   
Asterisks indicate significant differences after the ANOVAs (* p < 0.05, ** p < 0.01, *** p < 0.001). x: Since 
water retention was only assessed for the Vereinigte Mulde and fruit cultivation only for the Kromme Rijn, no 
ANOVA was performed for these ecosystem services. 
